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Abstract: Two stormwater control measures (SCMs) installed in series were monitored for their
individual impact on the hydrology and water quality of stormwater runoff from a 0.08-hectare
watershed in Fayetteville, North Carolina, for 22 months. Runoff was first treated by permeable
interlocking concrete pavement (PICP), the underdrain of which discharged into a proprietary box
filter (Filterra® biofiltration) which combined high-flow-engineered media with modest biological
treatment from a planted tree. Due to a deteriorating contributing drainage area and high ratio of
impervious area to permeable pavement area (2.6:1), clogging of the permeable pavement surface
caused an estimated 38% of stormwater to bypass as surface runoff. Fifty-six percent of runoff
volume infiltrated underlying soils, and the remaining 6% exited the Filterra® as treated effluent;
the hydrologic benefit of the Filterra® was minimal, as expected. Primary treatment through the
PICP significantly reduced event mean concentrations (EMCs) of total suspended solids (TSS),
total phosphorus (TP), total nitrogen (TN), and total Kjeldahl nitrogen (TKN) but contributed
to a significant increase in nitrate/nitrite (NO2,3–N) concentrations. Secondary treatment by the
Filterra® further reduced TSS and TP concentrations and supplemented nitrogen removal such that
treatment provided by the overall system was as follows: TSS (removal efficiency (RE): 96%), TP (RE:
75%), TN (RE: 42%), and TKN (RE: 51%). EMCs remained unchanged for NO2,3–N. Despite EMC
reductions, additional load reduction due to the Filterra® was modest (less than 2%). This was
because (1) a majority of pollutant load was removed via PICP exfiltration losses, and (2) nearly all
of the export load was from untreated surface runoff, which bypassed the Filterra®, and therefore
the manufactured device never had the opportunity to treat it. Cumulative load reductions (based
only upon events with samples collected at each sampling location) were 69%, 60%, and 41% for TSS,
TP, and TN, respectively. When surface runoff was excluded, load reductions increased to over 96%;
lower run-on ratios (which would reduce clogging rate) and/or increased maintenance frequency
might have improved pollutant load removal.

Keywords: treatment train; stormwater management; stormwater quality; permeable pavement;
manufactured treatment device

1. Introduction

Stormwater runoff from urban catchments is a significant cause of surface water impairment in
the United States [1]. As impervious surface area increases, runoff volumes, peak flows, and pollutant
export concomitantly increase [2–5]. To combat the problems associated with urban development,

Water 2018, 10, 33; doi:10.3390/w10010033 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://dx.doi.org/10.3390/w10010033
http://www.mdpi.com/journal/water


Water 2018, 10, 33 2 of 21

federally promulgated stormwater regulations have led communities across the United States to install
stormwater control measures (SCMs) to meet water quality and quantity goals (e.g., [6,7]). Examples
of SCMs include permeable pavement, bioretention, swales, and constructed stormwater wetlands.

Stormwater regulations often require the installation of multiple SCMs to meet hydrologic and
water quality targets (e.g., 80% volume reduction, 40% total nitrogen removal). Despite this, few studies
have monitored SCMs installed in series. Rushton [8] studied runoff quantity from four treatments:
asphalt, asphalt in series with a swale, cement in series with a swale, and permeable pavement in
series with a swale. Results showed the treatment with two SCMs (the permeable pavement–swale
system) increased runoff reduction by 10–15% compared to the use of one SCM (asphalt or cement
with a swale). Brown et al. [9] studied two infiltration SCMs in series (permeable pavement and
bioretention); the system reduced runoff volume by 69% over the 17-month study and significantly
improved hydrologic performance compared to a single bioretention cell monitored at the same site.
Including base flow that entered and exited the bioretention cell, total phosphorus (TP) and total
suspended solids (TSS) loads were reduced by 30% and 87%, respectively; total nitrogen (TN) load
was exported by 64%. Doan and Davis [10] studied a bioretention-cistern treatment train; pollutant
concentrations measured from the cistern were below those measured in tap water, indicating water
from the cistern might be a good source for irrigation. However, none of these studies monitored the
individual effect of each practice, raising questions regarding the specific benefit of ancillary treatment
by the second SCM in the series.

In a study of three stormwater wetlands in series, Hathaway and Hunt [11] found that more
than 80% of the concentration reduction for all pollutants occurred after treatment by the first
wetland. Secondary and tertiary cells provided no significant improvement in pollutant concentrations,
suggesting little appreciable benefit of installing SCMs in series with similar pollutant removal
mechanisms. Winston et al. [12] supported this by examining the water quality of runoff treated
by permeable friction course in combination with vegetative filter trips, wetland swales, and dry
swales. Both permeable friction course and vegetative SCMs facilitate pollutant removal primarily
through filtration and sedimentation, though vegetative SCMs support biological and chemical
interactions as well. The vegetative SCMs did not further reduce (and in some cases increased)
pollutant concentrations because filtration through the permeable friction course reduced sediment
and particulate-bound pollutants to apparently irreducible concentrations [13]. These results suggest
several questions remain regarding when installing SCMs in series, including: (1) what are the
individual hydrologic impacts for each in-series SCM? (2) Which combination of SCMs might achieve
better water quality improvement? (3) How do downstream SCMs impact effluent concentrations released
by upstream SCMs? (4) How should SCMs be “credited” for regulatory purposes when used in series?

Permeable pavement is a popular SCM because it is multi-purpose (i.e., one can park and drive
on this SCM). Runoff infiltrates a permeable surface layer and is stored in an aggregate sub-base before
it either exfiltrates (e.g., lost to the underlying soil) or discharges to receiving surface waters or storm
sewer infrastructure via an underdrain. In addition to reducing pollutant loads to receiving streams
through exfiltration, permeable pavements capture many pollutants through mechanical filtration and
sedimentation [14–16]. Hydrologic performance varies widely and is dependent upon underlying
soil type, drainage configuration, and proper design and maintenance [17–21]. Inclusion of internal
water storage via an elevated or 90-degree upturned elbow on the underdrain [18,20] and permeable
underlying soils [8,14] improved volume and pollutant load reductions via increased exfiltration.
In addition to filtration and sedimentation, permeable pavement may also remove pollutants through
adsorption and biological degradation, though export of nitrate (NO2,3–N) due to nitrification in the
sub-base is commonly observed [15,16].

The configuration of proprietary manufactured treatment devices (MTDs) varies by product,
but most include a mechanism for settling [22]; some also employ filtration and adsorption through
an engineered media [23]. Types of MTDs range from end-of-pipe SCMs, to catch basin inserts,
to modular high-loading SCMs [24,25]. When installed in series with another SCM, an MTD may be
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used to target the removal of a specific pollutant, but most MTDs do not employ a mechanism for
hydrologic mitigation [22].

The Filterra® biofiltration system incorporates a planted tree into a concrete box filter. This MTD
marries two treatment mechanisms: high flow rate filtration through an engineered media and some
biological treatment provided by vegetation and soil [23]. Manufacturer and third-party testing
indicate the Filterra® is capable of reducing pollutant concentrations, including total suspended
solids, phosphorus, nitrogen, and metals [23,26–28], but previous studies have not assessed Filterra®

performance when coupled with pre-treatment by another SCM.
This study examined the hydrologic and water quality impacts of permeable pavement and

Filterra® biofiltration devices installed in series at a parking lot in Fayetteville, North Carolina, USA.
The primary objective was to quantify the individual effect of each practice on volume reduction and
pollutant (concentration and load) removal. Water quality mitigation was also compared to that of
individual SCMs and regulatory credits awarded to similar practices in the state of North Carolina.

2. Methodology

2.1. Treatment Train Components

The system consists of two technologies installed in series: (1) permeable interlocking concrete
pavement (PICP) and (2) the Filterra® biofiltration device (FIL, Figure 1). Hereafter, the treatment train
will be referred to as PICP-FIL. Runoff receives primary treatment by the PICP. An underdrain conveys
runoff that does not exfiltrate (i.e., infiltrate into the subgrade) to the Filterra® for secondary treatment.
The Filterra® biofiltration unit is a proprietary flow-through filter consisting of a tree planted in an
engineered media topped by an 80-mm layer of mulch [27]. Flow conveyed from the underdrain of the
permeable pavement enters the system at a design flow rate of 60 mm/min [23]. Because the Filterra®

is installed downstream of the PICP (which provides volume reduction), the MTD was able to be
downsized from the standard sizing guidelines, which assume a 100% impervious drainage area [29].
Similar to conventional bioretention [30], an underdrain surrounded by washed aggregate discharges
treated stormwater to existing drainage infrastructure.

2.2. Site Description

The PICP-FIL system was retrofitted at an AmtrakTM train station parking lot in Fayetteville,
North Carolina, USA. Fayetteville receives an average of 1049 mm of rainfall per year [31] and is
characterized by the National Weather Service to have a humid, sub-tropical climate [32]. The sandhill
region in which the site is located is composed of predominately sandy or sandy loam soils [33].

Four parking stalls and a drive lane were retrofitted with 215 m2 of Eagle Bay Aqua-Bric Type
4 L permeable interlocking concrete pavers to treat runoff from 560 m2 of existing asphalt surfacing
(2.6:1 ratio of impervious area to PICP area). The underdrain of the PICP conveyed runoff to a 1.2-m by
1.2-m (plan view area) Filterra® device (Figure 2). Design of the PICP followed typical hydrologic and
structural standards for permeable pavement in North Carolina [34]. The PICP profile consisted of
150 mm of washed ASTM No. 2 aggregate sub-base (nominal size 37.5 to 63 mm), 100 mm of washed
ASTM No. 57 aggregate overlying the sub-base (nominal size 4.75 to 25.0 mm), 50 mm of ASTM No.
78 aggregate (nominal size 2.36 to 12.5 mm), and 78 mm-thick concrete brick pavers with No. 78 stone
filling their joints [35]. Because the existing subgrade slope was relatively high (5%), two concrete
check dams were installed to reduce the slope at the subgrade–aggregate interface to 0.5% [36].

The PICP was designed to capture and treat the 25-mm storm event before draining to the
Filterra® unit via a 100-mm diameter perforated underdrain. A crepe myrtle (Lagerstroemia spp.) was
planted per the manufacturer. Runoff was filtered through 0.27 m of media before discharging to
drainage infrastructure via a 100-mm underdrain. General characteristics of the PICP-FIL system are
summarized in Table 1.



Water 2018, 10, 33 4 of 21

Water 2018, 10, 33  4 of 21 

 

planted per the manufacturer. Runoff was filtered through 0.27 m of media before discharging to 
drainage infrastructure via a 100-mm underdrain. General characteristics of the PICP-FIL system are 
summarized in Table 1. 

 
Figure 1. Schematic of the PICP-Filterra® system with permeable interlocking concrete pavement and 
Filterra® biofiltration system (figure not to scale). 

 
Figure 2. From left to right: Plan view of site with drainage areas and SCM locations, and PICP-FIL 
system. PICP (background) and Filterra® (foreground). 

Table 1. General characteristics of PICP-FIL stormwater control measure. 

Characteristic PICP-FIL
Drainage area (m2) 560 

PICP area (m2) 220 
Filterra® area (m2) 1.4 

Filterra® media volume (m3) 0.38 

Figure 1. Schematic of the PICP-Filterra® system with permeable interlocking concrete pavement and
Filterra® biofiltration system (figure not to scale).

Water 2018, 10, 33  4 of 21 

 

planted per the manufacturer. Runoff was filtered through 0.27 m of media before discharging to 
drainage infrastructure via a 100-mm underdrain. General characteristics of the PICP-FIL system are 
summarized in Table 1. 

 
Figure 1. Schematic of the PICP-Filterra® system with permeable interlocking concrete pavement and 
Filterra® biofiltration system (figure not to scale). 

 
Figure 2. From left to right: Plan view of site with drainage areas and SCM locations, and PICP-FIL 
system. PICP (background) and Filterra® (foreground). 

Table 1. General characteristics of PICP-FIL stormwater control measure. 

Characteristic PICP-FIL
Drainage area (m2) 560 

PICP area (m2) 220 
Filterra® area (m2) 1.4 

Filterra® media volume (m3) 0.38 

Figure 2. From left to right: Plan view of site with drainage areas and SCM locations, and PICP-FIL
system. PICP (background) and Filterra® (foreground).

Table 1. General characteristics of PICP-FIL stormwater control measure.

Characteristic PICP-FIL

Drainage area (m2) 560
PICP area (m2) 220

Filterra® area (m2) 1.4
Filterra® media volume (m3) 0.38

Filterra® media infiltration rate (mm/min) 60
Watershed land use Commercial (asphalt parking lot)

Drainage area: PICP area 2.6:1
Drainage area: Filterra area 557:1

Total treated area (m2) 780
Underlying soil classification Sandy loam a

Note: a Soil Survey [33].
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2.3. Monitoring and Data Collection

Hydrologic and water quality monitoring was conducted from February 2013 to December 2014.
Rainfall was measured using manual and 0.25-mm resolution tipping bucket rain gauges affixed 1.8 m
above the ground. Hydrology and water quality were measured at three locations in the PICP-FIL
system: (1) impervious asphalt prior to treatment by the PICP (ASPH); (2) effluent from the PICP prior
to secondary treatment by the Filterra® (PICP); and (3) the Filterra® effluent (FIL) (Figure 3). At all
three locations, monitoring equipment enabled calculation of the flow rate by recording rainfall or
measuring the stage over a weir at two-minute intervals (Table 2). Prior to July 2013, flow through
the catch basin at the FIL sampling location was intermittently creating backwater into the weir box,
interfering with sample quality and flow data. To remedy this, a new weir box was subsequently
installed; thus, data collected prior to July 2013 were invalidated at this location.
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Figure 3. From left to right: (a) monitoring scheme for PICP-FIL system; (b) slot drain to measure
runoff from parking lot (ASPH); (c) PICP underdrain measured with 30◦ sharp-crested v-notch weir
(PICP); (d) catch basin where effluent from the Filterra® device was measured (FIL).

Table 2. Equipment used for monitoring at locations on the AmtrakTM property.

Location Flow Measuring Device Flow Measuring
Equipment/Technique Sampling Equipment

Runoff from parking
lot (ASPH) a Rain-paced Curve Number Method

and Rational Method
ISCO® 6712 Full-Size

Portable Sampler

PICP underdrain
discharge/Filterra®

inflow (PICP)

30◦ sharp-crested
v-notch weir

ISCO® 730
Bubbler Module

ISCO® 6712 Full-Size
Portable Sampler

Filterra® underdrain
discharge (FIL) Cipoletti weir b ISCO® 730

Bubbler Module
ISCO® 6712 Full-Size

Portable Sampler

Notes: a Runoff routed to a slot drain for water quality sampling; b Installed on 17 July 2013.

Flow-proportional samples were collected by ISCO 6712TM automated samplers. Samples were
evaluated for event mean concentrations (EMCs) of total suspended solids (TSS), total ammoniacal
nitrogen (TAN), nitrate/nitrite-nitrogen (NO2,3–N), total Kjeldahl nitrogen (TKN), total phosphorus
(TP), and total dissolved phosphorus (TDP). Automated samplers have been shown to be less consistent
in collecting coarse sediment with particle sizes larger than 250 µm [37]. In a concurrent study,
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particle size distributions analyzed from the same parking lot of the PICP-FIL system showed the
sediment in the parking lot runoff had a median particle size of 175 µm [28]. Because of this, it is
expected the automated samplers were reasonably consistent in collecting sediment (and consequently,
sediment-bound pollutants) from the sampled runoff at the site. Composite samples were collected
within 24 h of the end of a storm event and transported to a laboratory. Because the contributing
drainage area was small and highly impervious, the duration of runoff was similar to the duration of the
storm event. A summary of laboratory methods, minimum detection limits (MDL), and relevant water
quality thresholds for all analytes is provided in Table 3. Storms were analyzed when flow-proportional
sampling occurred for at least 70% of the hydrograph (by volume). All water quality analyses were
conducted at ENCO Laboratories, Inc. (Cary, NC, USA).

Table 3. Stormwater quality parameters, minimum detection limits, laboratory methods, and effluent
concentration targets.

Analyte Test Method Method Detection
Limit (mg/L)

Effluent Concentration
Target (mg/L)

TSS SM 2540D a 1.0 25 c

TP EPA 365.4 b 0.025 0.11 d

TDP EPA 365.4 b 0.025 -
TKN EPA 351.2 b 0.26 0.40 d

NO2,3–N EPA 353.2 b 0.025 0.59 d

TAN EPA 350.1 b 0.045 0.04 d

TN TN = TKN + NO2,3–N N/A 0.99 d

Notes: a Eaton et al. [38]; b United States Environmental Protection Agency (USEPA) [39]; c Effluent concentration
target as designated by Barrett et al. [40]; d Effluent concentration target associated with “good” benthic
macroinvertebrate health ratings for the piedmont region of North Carolina [41].

Infiltration testing was conducted using both the single-ring, constant head test [42] and the
simple infiltration test [43] approximately every six months to monitor progressive clogging of the
PICP. Three HOBO U20 water level loggers measured the internal water level within the PICP aggregate
base. Each water level logger was located on a separate “terrace” of the system to capture all three
zones separated by the two concrete check dams. The average exfiltration rate was determined through
analysis of water level drawdown into the in-situ soil.

2.4. Data Analysis

2.4.1. Hydrology

Despite properly scheduled maintenance, visual inspection and surface infiltration testing
indicated progressive clogging of the PICP surface (Table 4). The clogging was attributed to the
deteriorating asphalt drainage area and erosion from landscaping islands; because of this, runoff
frequently bypassed PICP treatment, which was estimated based on measured and then scaled
five-minute rainfall intensities. An “effective rainfall intensity” for each five-minute time step was then
determined per the ratio of the total watershed to the PICP footprint (Equation (1)). Surface runoff
for each storm event was estimated by comparing effective rainfall intensities to the lowest measured
infiltration rate (Table 4), which was temporally interpolated based on what date the storm occurred
(Equation (2)).

R∆t =
P∆t × (ADA+APICP)

APICP

∆t
(1)
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where R∆t = effective rainfall intensity, P∆t = measured rainfall during the time step (mm),
and ADA = drainage area (m2), APICP = area of PICP (m2), ∆t = time step (h).

SR∆t =


0, R∆t ≤ I

1
1000

× (R∆t − I)× ∆t × APICP, R∆t > I
(2)

where SR∆t = surface runoff volume during the ∆t time step (m3), R∆t = effective rainfall intensity
from Equation (1) (mm/h), I = lowest infiltration rate during the time period of the storm from Table 4,
temporally interpolated between tests (mm/h),

Table 4. Infiltration testing during the monitoring period.

Date
Average Measured Infiltration Rate (mm/h) Overall Average

Infiltration Rate (mm/h)
Lowest Measured

Infiltration Rate (mm/h) c
Location 1 Location 2 Location 3

2/13/2013 a 3421 4018 2929 3457 2837
8/1/2013 a 947 163 97 287 30

1/21/2014 b 726 460 81 422 30

Notes: a Measured using single ring infiltrometer [42]; b Measured using simple infiltration test [43]. This method
linearly correlates with [42], for surface infiltration rates < 15,000 mm/h; c Infiltration rates were linearly adjusted
to estimate infiltration rates in between tests.

Discrete hydrologic storm events were identified by a gap in precipitation exceeding six hours and
a minimum depth of 2.5 mm [44]. For each precipitation event, hydrologic characteristics for the inflow
(INFLOW), PICP effluent (PICP), Filterra® effluent (FIL), and surface runoff (SR) (volume (V), peak flow
(Qp), and time to peak (tp)) were calculated and used to estimate volume reduction [VR, Equation (3)),
peak flow reduction (QR, Equation (4)), peak flow reduction ratio (Rpeak, Equation (5), [45]) and lag to
peak (tl, Equation (6)) at each location within the treatment train (Table 5).

VR =
∑n

i=1 VINi − ∑n
i=1 VOUTi

∑n
i=1 VINi

× 100 (3)

QR =
Qp IN − QpOUT

Qp IN
× 100 (4)

Rpeak =
QpOUT
Qp IN

(5)

tl = tpOUT − tp IN (6)

Table 5. Associated parameters for hydrologic comparisons within the treatment train.

Comparison IN OUT

PICP (primary) Inflow volume (INFLOW) Permeable pavement effluent (PICP) + surface runoff (SR)

Filterra® (secondary)
Permeable pavement effluent
(PICP) + surface runoff (SR) Filterra® effluent (FIL) + surface runoff (SR)

PICP-FIL (overall) Inflow volume (INFLOW) Filterra® effluent (FIL) + surface runoff (SR)

Runoff generated by the contributing watershed was calculated using the Natural Resources
Conservation Service (NRCS) curve number method (Equation (7), [46]).

QASPH =
(P − 0.2S)2

P + 0.8S
× ADA × C (7)
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where QASPH = runoff volume from asphalt (m3), P = storm event precipitation depth (mm),
S = potential maximum retention (mm) =

(
1000
CN − 10

)
× 25.4, CN = curve number (98 for impervious

surfaces, [47]), ADA = drainage area (m2), C = conversion factor =
(

1 m
1000 mm

)
.

Direct rainfall volume on the PICP was added to the runoff to determine the total storm inflow
volume (Equation (8)).

VINFLOW = QASPH +
P

1000
× APICP (8)

where VINFLOW = total runoff volume (m3), QASPH = runoff defined in Equation (7) (m3),
P = precipitation (mm), and APICP = area of PICP (m2). Peak inflow runoff rates were also calculated
using the rational method [48]:

Qp INFLOW = 2.76 × C × i × A (9)

where Qp INFLOW = the peak inflow rate (L/s), C = Rational Coefficient (0.95 for impervious
surfaces, [49]), i = peak 5-min rainfall intensity (mm/h), and A = watershed area (hectares). Conversion
of weir stage data to flow rates (and subsequently, volumes) for the PICP and Filterra® effluent was
performed in Flowlink Version 5.1 [50]. Peak flow parameters were compared using either the paired
t-test (when the distribution of the differences was normal or log-normal) or the paired Wilcoxon
signed-rank test (when the differences were non-normal).

2.4.2. Water Quality

Summary statistics including range, median (x̃), mean (x), and standard deviation (SD) were
calculated at each sampling location (ASPH, PICP, FIL) for all analytes. Multiple analytes had at least
10% of measured concentrations reported below the MDL; these data were considered “censored”.
For censored data, one-half of the MDL was used to calculate summary statistics [51]. When the
percentage of data points less than the MDL was between 10% and 80%, robust regression-on-order
statistics were performed to calculate summary statistics [52]. If the percentage of data points less than
the MDL exceeded 80%, summary statistics were not calculated [52].

Data for each parameter were evaluated for normal and log-normal distributions using the
Shapiro–Wilk test and visual confirmation of residual plots. When data were less than 10% censored
and normal or log-normal, paired t-tests were performed to determine significant differences between
pollutant concentrations at each location within the treatment train (α = 0.05). If data were less than
10% censored and non-normal, the Wilcoxon signed-rank test was used. When data were more than
10% censored, the Peto and Peto modification of the Gehan–Wilcoxon test was used [53,54]. Median
removal efficiencies (RE) were calculated for pollutants which demonstrated significant differences
at each sampling location within the treatment train: (1) primary treatment through the PICP
(IN = ASPH, OUT = PICP); (2) secondary treatment through the Filterra® (IN = PICP, OUT = FIL);
and (3) the PICP-FIL system as a whole (IN = ASPH, OUT = FIL) (Equation (10)).

REi =

(
EMCIN − EMCOUT

EMCIN

)
× 100 (10)

where i = event 1, 2, 3, . . . , n, EMCIN = inlet event mean concentration (mg/L), and EMCOUT = outlet
event mean concentration (mg/L).

Benthic macroinvertebrates are often used to assess water quality impairment in streams [55–57].
McNett et al. [41] established water quality thresholds for North Carolina by using qualitative
benthic macroinvertebrate health and correlating them to in-stream nutrient concentrations. Effluent
concentration data for nutrients were compared to “good” water quality targets for the Piedmont
region of North Carolina [41].
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Influent and effluent pollutant loads for the PICP, Filterra®, and PICP-FIL were calculated for
individual storm events (Equations (11) and (12)) and summed over the entire monitoring period to
determine the cumulative load reduction (Equation (13)).

Influent Pollutant Load : LIN = EMCIN × VIN (11)

Outlet Load : LOUT = [EMCOUT × VOUT ] + [EMCASPH × VSR] (12)

Summation of Pollutant Loads (SOL) =
(

1 − ∑n
i=1 LOUT

∑n
i=1 LIN

)
× 100 (13)

where LIN = influent load (mg), LOUT = outlet load (mg) EMCIN = inlet EMC for event i (mg/L) and
EMCOUT = outlet EMC for event i (mg/L), VIN = total influent volume for event i, VOUT = effluent
volume for event i, and VSR = surface runoff volume for event i.

Due to varying storm size and scope of the sampling regime, pollutant analysis for every sampling
location was not possible for every storm event, therefore sample size varied for each pollutant and
each location. Loading comparisons were only made when data were available at all three sampling
locations. All analyses were performed in R 3.1.2 [58].

3. Results and Discussion

3.1. Hydrology

Over the 22-month monitoring period, a variety of climatological conditions were observed,
including a peak 5-min intensity exceeding the one-year, 5-min storm and a prolonged dry period of
31 days (Table 6).

Table 6. Analysis of 125 hydrologic storm events from February 2013 to December 2014.

Parameter Depth (mm) Average Intensity
(mm/h)

5-min Peak
Intensity (mm/h)

Catchment Peak
Flow (L/s)

Antecedent Dry
Period (Days)

Range 2.5–125.5 0.2–55.9 3.0–143.3 0.1–38.1 0.3–31.3
Median 10.2 1.8 25.9 5.7 2.6
Mean 16.3 4.5 35.8 8.9 4.5
Total 2036 - - - -

Average a 2167 - - - -

Note: a 22-month average based on monthly normals from 1983–2012 [31].

Exfiltration to the underlying soil was the dominant mechanism for hydrologic mitigation through
the PICP-FIL system (Table 7). The exfiltration rate to the native sandy loam soil was 17.5 mm/h;
this facilitated a volume reduction of 56% by the PICP (Tables 7 and 8). Due to the clogged surface of
the PICP, an estimated 38% of rainfall at the site bypassed treatment as surface runoff. The remaining
6% of the runoff exited the Filterra® underdrain as treated drainage.

Table 7. Fate of rainfall at PICP-FIL site for all storms.

Parameter Inflow Drainage Surface Runoff Exfiltration

Total Volume (m3) 1294 73 489 732
Percent of Inflow (%) - 6 38 56

Nearly all reduction occurred during primary treatment by the PICP (Table 8). Volume reduction
due to secondary treatment by the Filterra® was minimal, which was expected since the device can
only reduce volume via soil storage and evapotranspiration. When surface runoff is excluded from
the water balance, the PICP would have reduced 91% of runoff volume, which is comparable to other
permeable pavements constructed over infiltrative underlying soils [14,20,59].
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Table 8. Volume reduction due to primary treatment (PICP), secondary treatment (Filterra®) and
overall (PICP-FIL) treatment.

Comparison
Including Surface Runoff Excluding Surface Runoff

IN (m3) OUT (m3) VR a (%) IN (m3) OUT (m3) VR a (%)

PICP (primary) 1294 566 56.3 805 77 90.5
Filterra® (secondary) 566 562 0.7 77 73 5.2

PICP-FIL (overall) 1294 562 56.6 805 73 91.0

Note: a Volume reduction.

In addition to facilitating volume reduction, the PICP-FIL system significantly reduced peak
flows by an average of nearly 51% (Table 9). Due to storage and exfiltration, peak flow mitigation
was primarily provided by the PICP (Table 9). Most of the effluent peak flow was from surface runoff,
which was estimated for 60% of events and occasionally equaled the peak flow from the asphalt
(Figure 4). The proportion of events that did not generate underdrain flow from the PICP and Filterra®

underdrains were 31% and 42%, respectively (Figure 4). Of the 13 events that had PICP underdrain
flow but not Filterra® underdrain flow, the average antecedent dry period of 7.2 days was nearly twice
that of the average from the entire study, lending to likely soil storage within the Filterra® media.
The average underdrain lag time from the PICP (0.85 h) was consistent with those reported in other
permeable pavement literature (0.50 to 2 h [15,19,60]). Additional lag from the Filterra® was not
significant (p-value = 0.3831 via paired Wilcoxon signed-rank test) but increased the average lag to
peak for the PICP-FIL system to 0.91 h (Table 9).

Despite estimated surface runoff accounting for a majority of peak flows, the PICP still provided
substantial volume mitigation, and were the system less clogged and properly functioning, it is possible
pre-development hydrology would have been met. The amalgamation of volume reduction and peak
flow results showed that even though the PICP was not functioning at maximum capacity, it provided
most of the hydrologic mitigation within the treatment train, with minimal additional improvement
provided by the Filterra®.
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Table 9. Average peak flow reduction (QR), peak reduction ratio (Rpeak) and lag to peak due to primary
treatment (PICP), secondary treatment (Filterra®) and overall (PICP-FIL) treatment.

Parameter
Including Surface Runoff Excluding Surface Runoff

PICP Filterra® PICP-FIL PICP Filterra® PICP-FIL

QR a (%) 50.1 b 14.2 c 50.9 b 96.0 b 23.9 b 96.5 b

Rpeak
a 0.48 0.89 0.47 0.04 0.73 0.04

Lag to Peak (h) n/a c n/a c n/a c 0.85 b 0.07 0.90 b

Notes: a When catch basin inundation occurred, assumed Qin, Filterra = Qout, Filterra; b p-value less than 0.00001 via
paired Wilcoxon signed-rank test; c p-value = 0.7496 via paired Wilcoxon signed-rank test; c Estimation methods
used to determine surface runoff could not accurately predict time metrics.

3.2. Water Quality

Median and mean rainfall depths of events sampled for water quality tended to be larger than
the overall distribution (Table 10) because only larger rainfall events produced enough outflow for
sampling of effluent from the PICP and Filterra® underdrains. The percentage of rainfall analyzed for
water quality ranged from 14% (dissolved phosphorus at PICP) to 24% (TP and nitrogen species at
ASPH) of the total rainfall depth measured during the monitoring period.

With the exception of NO2,3–N, stormwater treated by the PICP-FIL system was of better quality
than untreated runoff (Tables 11 and 12). Primary filtration by the PICP reduced sediment and
sediment-bound pollutants (e.g., TSS, TP, a fraction of TKN). Secondary treatment by the Filterra®

further reduced TSS and TP. Water quality from runoff treated by both systems was significantly
improved for TSS, TP, TN and TKN; NO2,3–N was not significantly changed, and TAN and TDP were
not statistically evaluated for overall treatment since all Filterra® effluent samples were less than the
detection limit. TDP was also not statistically evaluated due to undetectable levels from the PICP and
Filterra® effluent. In short, it appeared the system reduced concentrations of all pollutants evaluated,
save NO2,3–N.

Table 10. Precipitation depths of sampled storm events at each location.

Parameter
Total Suspended Solids (TSS) Total Phosphorus and

Nitrogen Species Dissolved Phosphorus

ASPH PICP FIL ASPH PICP FIL ASPH PICP FIL

Range (mm) 9.7–74.4 8.1–74.4 8.1–74.4 8.1–74.4 8.1–74.4 8.1–74.4 9.7–74.4 8.1–74.4 8.1–74.4
Median (mm) 19.8 18.3 19.1 20.2 18.0 18.0 19.8 17.7 18.0
Mean (mm) 26.5 26.2 25.1 24.2 23.5 22.7 25.4 24.5 22.7
Total (mm) 450.9 445.8 350.8 483.6 447.0 294.9 330.5 293.9 294.9

n 17 17 14 20 19 13 13 12 13

Load reduction was almost completely attributed to primary treatment (exfiltration) provided
by the PICP (Table 13). The PICP was sited over soils with very high infiltration rates, so a majority
of pollutant load was reduced through exfiltration losses. Though the Filterra® significantly reduced
EMC values for TSS and TP, the additional load reduction benefit was very small (less than 0.5%).
TN reduction by the Filterra® was not significant. When untreated surface runoff was omitted from the
analysis, PICP-FIL loading reductions were very high, removing more than 95% of pollutant loading
(TSS: 99.8%, TP: 99.7%, TN: 96.9%). Were the PICP-FIL system implemented in a location where the
contributing watershed was smaller and/or more stabilized (and thus less clogging occurred), it is
hypothesized the system would have achieved higher pollutant load reductions.
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Table 11. Water quality EMC results by monitoring location for each pollutant.

Pollutant System <MDL a (%)
Statistical Parameters

n Range x̃ x SD

TSS
ASPH 0 17 4.8–600 61.0 97.4 135.4
PICP 0 17 2.8–34 8.0 11.7 9.1
FIL 0 14 1.2–12 3.6 3.9 2.7

TP
ASPH b 20 20 <MDL–1.000 0.077 0.200 0.278
PICP b 21 19 <MDL–0.073 0.039 0.043 0.015
FIL b 39 13 <MDL–0.052 0.026 0.027 0.012

TDP
ASPH b 76 13 <MDL–0.970 0.0004 0.095 0.269
PICP c 92 12 <MDL–0.054 - - -
FIL c 84 13 <MDL–0.030 - - -

TN d
ASPH - 20 0.36–5.63 0.90 1.52 1.49
PICP - 19 0.14–2.91 0.68 0.96 0.81
FIL - 13 0.32–1.90 0.50 0.67 0.47

TAN
ASPH b 30 20 <MDL–0.79 0.13 0.18 0.19
PICP b 68 19 <MDL–1.50 0.03 0.19 0.37
FIL c 100 13 <MDL - - -

TKN
ASPH 0 20 0.27–5.60 0.81 1.39 1.5
PICP b 26 19 <MDL–2.60 0.36 0.60 0.67
FIL b 15 13 <MDL–0.53 0.37 0.37 0.08

NO2,3–N
ASPH b 10 20 <MDL–0.36 0.13 0.13 0.10
PICP b 16 19 <MDL–1.50 0.22 0.37 0.35
FIL b 23 13 <MDL–1.40 0.19 0.32 0.41

Notes: a Percentage of data points less than the minimum detection limit; b Robust regression on order statistics were
used [52]; c More than 80% of data were below detection limit. No population statistics computed; d Calculation of
total nitrogen assumed 1/2 the detection limit when TKN or NO2,3–N data were censored.

Table 12. Median removal efficiencies for paired comparisons of primary, secondary, and overall
treatment. Bolded values indicate pollutant removal or export was statistically significant.

Pollutant
PICP (Primary) Filterra® (Secondary) PICP-FIL (Overall)

n R̃E (%) p-Value n R̃E (%) p-Value n R̃E (%) p-Value

TSS 14 91 0.0002 a 11 47 0.0027 a 11 96 <0.0001 a

TP 17 41 0.0117 b 10 29 0.0264 b 11 75 0.0016 b

TDP - - n/a c - - n/a c - - n/a c

TN 17 27 0.0267 d 10 - 0.1309 d 11 42 0.0420 d

TKN 17 50 0.0049 b 10 - 0.6770 b 11 51 0.0002 b

TAN 17 - 0.2750 b - - n/a e - - n/a e

NO2,3–N 17 −226 0.0030 b 10 - 0.5420 b 11 - 0.2910 b

Notes: a Paired t-test of log-transformed values; b Peto & Peto modification of the Gehan-Wilcoxon test; c More than
80% of samples at PICP and FIL sampling location reported below detection limit. No comparisons made; d Wilcoxon
signed-rank test; e All values at FIL sampling location reported below detection limit. No comparisons made.
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Table 13. Load reduction due to primary treatment (PICP), secondary treatment (Filterra®) and overall treatment (PICP-FIL) from eight events ranging from 11.4 to
74.4 mm.

Pollutant Comparison

Including Surface Runoff Excluding Surface Runoff

PICP (Primary) Filterra® (Secondary) PICP-FIL (Overall) PICP (Primary) Filterra® (Secondary) PICP-FIL (Overall)

Cumulative
Load (g)

SOL a

(%)
Cumulative

Load (g)
SOL a

(%)
Cumulative

Load (g)
SOL a

(%)
Cumulative

Load (g)
SOL a

(%)
Cumulative

Load (g)
SOL a

(%)
Cumulative

Load (g)
SOL a

(%)

TSS
IN 14,195.2

69.7
4300.4

0.4
14,195.2

69.8
9936.7

99.6
43.6

44.5
9936.7

99.8OUT 4300.4 4282.7 4282.7 43.6 24.2 24.2

TP
IN 36.0

66.9
11.9

1.3
36.0

67.3
24.3

99.1
0.2

64.7
24.3

99.7OUT 11.9 11.8 11.8 0.2 0.1 0.1

TN b IN 187.2
40.8

110.7
3.6

187.2
43.0

83.0
92.7

6.0
58.0

83.0
96.9OUT 110.7 106.7 106.7 6.0 2.5 2.5

TKN
IN 170.0

42.0
98.6

1.6
170.0

42.9
74.3

96.3
2.8

48.8
74.3

98.1OUT 98.6 97.0 97.0 2.8 1.4 1.4

TAN
IN 22.9

49.9
11.5

1.2
22.9

50.5
11.6

98.0
0.2

54.0
11.6

99.1OUT 11.5 11.3 11.3 0.2 0.1 0.1

NO2,3–N IN 17.2
29.4

12.1
21.3

17.2
44.4

8.6
62.1

3.3
69.5

8.6
88.4OUT 12.1 9.6 9.6 3.3 1.0 1.0

Notes: a Summation of pollutant load reduction (Equation (13)); b Calculation of total nitrogen assumed 1/2 the detection limit when TKN or NO2,3–N data were censored.
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3.2.1. Total Suspended Solids

Filtration provided by the PICP and Filterra® significantly removed TSS (Table 12). Despite a
large variation in influent sediment concentration (TSS: 4.8–600 mg/L), 87% of PICP effluent TSS
concentrations were below the 25 mg/L target established by Barrett et al. [39] (Figure 5). The median
PICP concentration (8.4 mg/L) was comparable to or less than effluent concentrations from other
permeable pavement studies (6.5–9.2 mg/L [16]; 6 mg/L [22]; 8.3 mg/L [59]; 39 mg/L [61]). Secondary
treatment by the Filterra® provided a supplementary TSS EMC reduction of 47% and increased
the proportion of effluent concentrations below 25 mg/L to 100%. By filtering particles through
its engineered media, the function of the Filterra® for sediment removal is similar to bioretention.
The median effluent concentration from the Filterra® (3.6 mg/L) was lower than values reported in
bioretention literature (13–20 mg/L [62]), but was similar to a standalone Filterra® monitored at the
same parking lot (median: 4 mg/L [28]). This suggests that, regardless of pre-treatment or influent
concentrations, effluent TSS concentrations from a Filterra® system will likely be similar and very low.

The overall PICP-FIL EMC removal efficiency of TSS was 96%, exceeding both the 85% pollutant
removal credit awarded to permeable pavement and bioretention in North Carolina [34,63] and the
64% EMC reduction reported in a similar permeable pavement—bioretention treatment train study in
NC [9]. Primary treatment by the PICP provided a majority of this EMC reduction (91%); supplemental
treatment by the Filterra® (while significant) provided another 5% increase in overall reduction.
This has been observed in other studies of SCMs installed in series, where little appreciable benefit is
noted for secondary or tertiary treatment [11,12].
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Despite (1) properly scheduled maintenance of the PICP and (2) intensive restorative measures
(which included vacuuming and pressure washing), the effective filtration of particles caused
progressive clogging of the PICP surface, which led to (previously discussed) substantial surface
runoff. Because of this, the cumulative load reduction from eight storm events was approximately
20–40% lower than reductions as measured by median EMC removal efficiencies (Table 13). The PICP
provided a majority of load reduction (Figure 5, Table 13). Secondary treatment by the Filterra® did not
substantially reduce loads because (1) exfiltration losses removed a majority of the load during primary
treatment; (2) the Filterra® does not have significant mechanisms for volume reduction; and (3) 99% of
the load at the PICP sampling location was attributed to untreated surface runoff and therefore was
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unable to enter the Filterra®. Load reduction from the PICP-FIL system was comparable to, but slightly
less than, the 76% reported from the standalone Filterra® monitored on the same lot [28].

3.2.2. Phosphorus

Influent TP concentrations were generally less than those reported from North Carolina asphalt
parking lots (mean TP concentration: 0.19 mg/L [64]). As a result, effluent TP concentrations from both
the PICP and Filterra® never exceeded the “good” water quality concentration threshold (0.11 mg/L)
for the piedmont region of North Carolina as described in McNett et al. [41] (Figure 6). A majority
of the phosphorus was sediment-bound and thus easily filtered by the PICP and Filterra® (Tables 11
and 12). The Filterra® media is marketed as phosphorus adsorbent; while definitive comparisons could
not be made due to low concentrations, it is possible the media facilitated additional TDP removal.
Secondary treatment by the Filterra® significantly (and substantially) lowered TP concentrations,
improving the median removal efficiency from 41% (PICP treatment only, x̃PICP = 0.039 mg/L) to 75%
(overall PICP-FIL treatment, x̃FIL = 0.029 mg/L). While TP concentrations entering the Filterra® were
already low, additional filtering and sorption by the engineered media further reduced concentrations
below those reported in bioretention literature (0.058–0.56 mg/L [62]). Effluent concentrations from
the PICP-FIL system were also lower than those measured from the standalone Filterra® on the same
site (x̃outlet = 0.038 mg/L [28]); adding the Filterra® downstream of the PICP clearly improved TP
concentration reduction.

TP load reduction was comparable to that of bioretention studies conducted in North Carolina [65,66].
However, for the same reasons cited in the sediment discussion, secondary treatment provided little
appreciable load reduction (Figure 6, Table 13). Cumulative TP load reduction (66%) exceeded the
load reduction of 54% reported from the standalone Filterra® monitored at the same site [28], although
the treated watershed was 20% smaller than that of the standalone unit. Even though “polishing” of
the effluent by the Filterra® reduced concentrations substantially, this benefit was negligible from a
load-reduction perspective.
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3.2.3. Nitrogen

Primary treatment by the PICP reduced TN to a target concentration (0.99 mg/L [41]) 70% of
the time (Figure 7). Secondary treatment by the Filterra® increased the probability of meeting this
target to more than 85%. The median RE for the PICP and PICP-FIL system was 27% and 42%,
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respectively; secondary treatment by the Filterra® was not significant for TN or any nitrogen species
(Table 12). The median concentration of the PICP effluent (0.68 mg/L) was comparable to effluent
concentrations from other permeable pavement studies (e.g., 0.80–1.1 mg/L [16]; 0.83–1.28 mg/L [18];
0.58–1.06 mg/L [67]; 0.58 mg/L [68]). TN reduction through the PICP was primarily due to filtration
and sedimentation of particulate-bound organic nitrogen (ON) (ON = TKN − TAN), which accounted
for 70% of the composition of nitrogen measured from the asphalt parking lot (Figure 8). Median
concentrations of NO2,3–N increased during “treatment” by the PICP due to the introduction of NO3

−

via the nitrification of NH4
+ (Table 11, Figure 8), which has been well-documented in other permeable

pavement field studies [14–16,67]. Denitrifying NO3
− to N2 gas requires anaerobic conditions (typically

created through a saturated zone) and the presence of organic carbon. Since the PICP neither had a
mechanism to create anaerobic conditions nor an identifiable carbon source, concentrations of NO3

−

tended to increase in the PICP runoff and in some individual storm events, contributed to an overall
increase in total nitrogen.
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Secondary treatment by the Filterra® contributed to further reductions in the median EMCs
of TN, NO2,3–N, and TAN, but these reductions were not significant at the α = 0.05-level (p-values
were 0.1309, 0.5420, and not calculable (due to more than 80% of data points reported below the
detection limit) for TN, NO2,3–N, and TAN, respectively). This is due in part to relatively low influent
concentrations. In a media-based vegetated filter, the primary pollutant removal mechanisms of
nitrogen include filtration of particulate-N, immobilization, and denitrification [69]. Since the majority
of particulate-N in the runoff was filtered by the PICP, additional reduction of TKN was improbable
via secondary treatment. The planted tree in the Filterra® possibly facilitated TAN reduction through
immobilization (the process when ammonium is assimilated into the biomass of microbes and plants),
but TAN concentrations from the PICP were already low and frequently undetectable, accounting for
less than 10% of the overall nitrogen composition. The Filterra® also lacked the saturated conditions
required to facilitate denitrification, meaning that NO2,3–N treatment was inconsistent and variable.
It is notable, though, that treatment by the Filterra® mitigated NO2,3–N export from the PICP such
that comparisons of the entire PICP-FIL system showed no change in concentrations. Like for TAN,
this was probably a factor of plant uptake, which has been shown to be a secondary, but viable, removal
process for NO2,3–N [30,60–71]. Lastly, contact time with microbes is essential for denitrification to
occur (e.g., [72]); Filterra® provides very little. For these reasons, supplemental nitrogen treatment
from the Filterra® was modest.

After treatment by the PICP-FIL system, concentrations of each nitrogen species and load
reductions for TN were comparable to those measured from the standalone Filterra® at the same
parking lot [28]. Compared to the other pollutants, supplemental treatment from the Filterra® provided
the greatest load reduction for TN, but this was still relatively marginal (an additional 2% (surface
runoff included)).

4. Summary and Conclusions

The hydrologic and water quality treatment provided by a permeable pavement and biofiltration
device installed in series was evaluated for 22 consecutive months. From this work, the following
conclusions are drawn:

(1) A high ratio of impervious drainage area to permeable pavement area (2.6:1) coupled with
an old, deteriorating asphalt surface course caused extensive clogging of the PICP surface.
The authors suggest future practices employ lower run-on ratios or avoid retrofit applications
with a dilapidated drainage area. While volume reduction (VR: 57%) and peak flow reduction (QR:
51%) was still appreciable, the large volume of surface runoff (SR: 38%) substantially impaired
overall hydrologic performance and pollutant load reduction.

(2) The PICP significantly reduced sediment and particulate-bound pollutant concentrations (TSS,
TP, TKN). NO2,3–N export occurred, a result typical of systems lacking saturated conditions.
After treatment by the PICP, the EMCs of discharged runoff generally met concentration
benchmarks [40,41].

(3) Additional water quality improvement provided by the Filterra® was marginal and usually
insignificant for most pollutants. Other studies of SCMs in series demonstrate similar results.
Two reasons for this are influent (to the downstream SCM) irreducible concentrations and similar
removal mechanisms employed by the two SCMs. The greatest benefit observed was for TP,
a pollutant targeted by the Filterra® media. The Filterra® reduced TP concentrations by a median
29% and improved the median RE from 41% after treatment by the PICP to 75% overall. Secondary
treatment by the Filterra® also significantly reduced TSS concentrations but only contributed
an additional 5% improvement; TSS concentrations were already very low leaving the PICP.
After treatment by the PICP-FIL system, concentrations were generally the same or lower than a
standalone Filterra® monitored at the same parking lot [28]. If a second SCM is to be employed
downstream of PICP, perhaps it should employ different pollutant removal mechanisms. In short,
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the one new pollutant removal mechanism that Filterra® introduced, sorption of phosphorus,
was effective.

(4) Performance of the PICP-FIL system was greatly influenced by the highly-permeable underlying
soil. Load reduction was primarily provided by the PICP via exfiltration and to a lesser extent,
sediment capture on the PICP surface, with the Filterra® providing less than 2% of additional
load reduction for each pollutant. Secondary treatment did not substantially reduce loads because
(1) exfiltration losses through the PICP and capture of sediment on the PICP surface removed most
of the pollutant load; (2) the Filterra® does not incorporate a mechanism for significant volume
reduction; and (3) load export was primarily due to untreated surface runoff that bypassed the
Filterra®. Nearly all hydrologic mitigation (volume and flow) occurred during primary treatment
by the PICP. Were a PICP-FIL system sited over less-infiltrative soils (and thus more outflow
discharged to the Filterra®), it is probable that secondary treatment (at least for TSS and TP load)
would have been more substantial.

(5) Given that effluent concentrations and load reductions from the PICP-FIL system were
comparable to the standalone Filterra® monitored at the same site, the combination of these two
devices in series was probably not cost-effective—for this location. Similar water quality benefits
could have been achieved by installing PICP or Filterra® as single SCMs, but the hydrologic
benefit was greater for the PICP. Coupling these results with evidence from past studies [11,12],
placing SCMs in series that employ similar pollutant removal mechanisms (and do not provide
additional volume reduction) should probably be avoided.
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