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Abstract: The negative effects of urbanization on water quantity and quality and the performance of bioretention for treating runoff and
reducing concentrations and loads of sediment, nutrients, pathogens, and selected trace metals have been well documented. This study
evaluated the efficiency of a bioretention system installed in semiarid Daly City, California, for a large suite of pollutants, including some
that have been rarely evaluated in such systems. Stormwater flow and pollutant concentrations were measured before and after the con-
struction of a bioretention system consisting of rain gardens and a bioswale. After installation, concentrations of most pollutants were reduced
and met water quality guidelines. Water quality improvements (concentration or load reductions) were demonstrated for total Hg, polychlori-
nated biphenols (PCBs) and dioxins ranging between 18 and 100%, and a suite of more conventional pollutants [SSC, Cd, Cu, Ni, Pb, Zn, and
polycyclic aromatic hydrocarbons (PAHs)] ranging between 20 and 90%. Results were less favorable for methylmercury. The balance of
evidence suggests that such systems, when designed and functioning correctly, can be highly effective in treating pollutant concentrations
and loads in stormwater runoff in semiarid environments. DOI: 10.1061/(ASCE)EE.1943-7870.0000921. © 2014 American Society of Civil
Engineers.
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Introduction

Stormwater runoff from streets and parking lots is known to cause
water quality effects in receiving water bodies (Dietz and Clausen
2006). According to the U.S. Environmental Protection Agency
(USEPA), stormwater runoff is deteriorating water quality at local
and regional spatial scales and is the leading cause of impairments
to water bodies of the United States (USEPA 2002). Compared with
traditional stormwater treatment, such as wet and dry detention ba-
sins, which primarily address peak flow rates, low impact develop-
ment (LID) infrastructure can be used to mitigate runoff velocity,
runoff volume, and water quality across a range of flow rates
(Dunnett and Clayden 2007). In addition, LID infrastructure
may remove pollutants through adsorption and filtration, decompo-
sition, volatilization, and ion exchange (Davis et al. 2001; Dietz and
Clausen 2006). Rain gardens and bioswales have been recom-
mended as measures to reduce pollutants in runoff from building
roofs and transportation infrastructure (Dunnett and Clayden 2007)
and are embedded in many regulations (McNett et al. 2011). How-
ever, design, construction, and maintenance challenges or a

combination of these can affect LID effectiveness (Brown and
Hunt 2010).

There is a growing volume of research on the efficiency of LID
for removing total suspended solids (Hsieh and Davis 2005; Hunt
et al. 2006, 2008; Diblasi et al. 2009; Hatt et al. 2009; Li and Davis
2009), nitrogen (Dietz and Clausen 2005; Davis et al. 2006; Hunt
et al. 2006, 2008; Hatt et al. 2009; Li and Davis 2009), phosphorus
(Dietz and Clausen 2005; Hunt et al. 2006; Hatt et al. 2009; Li and
Davis 2009), pathogens (Hunt et al. 2008; Li and Davis 2009;
Hathaway et al. 2011), polycyclic aromatic hydrocarbons (PAHs)
(Diblasi et al. 2009), and selected trace metals (Davis et al. 2003;
Davis 2007; Hunt et al. 2008; Hatt et al. 2009; Li and Davis 2009).
Most literature has been focused on efficiency defined by percent-
age capture, but there is recognition that efficiency is typically
greater when influent concentrations are high and lower or negative
when influent concentrations are near the treatment limits afforded
by the design characteristics of the system being observed (Kadlec
and Knight 1996). In addition, defining percentage capture on the
basis of a reduction in concentrations between influent and effluent
fails to take into account infiltration losses and is difficult to mea-
sure accurately because of the high variability in inflow volumes
and concentrations during individual storm events (Strecker et al.
2001; Barrett 2008; McNett et al. 2011). Thus, recent guidance has
focused on effluent water quality as an important measure in ad-
dition to a variety of measures of efficiency on the basis of relative
influent and effluent concentrations and loads (Li and Davis 2009;
Line and Hunt 2009; USEPA 2009).

With the exception of studies in Texas (Li et al. 2011) and
Queensland, Australia (Hatt et al. 2009), using artificial runoff,
most studies to date have been conducted in temperate climates.
Field studies in semiarid environments are currently lacking. In
semiarid climates, such as central California, the use of bioretention
is complicated by pronounced wet and dry seasons. This leads
to challenges for maintaining vegetation cover over the summer,
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vulnerability to erosion during early winter rains, and the deciduous
tree leaf loss occurring during the first 3 months of the wet season
adding maintenance challenges for proper functioning. Addition-
ally, the central California climate shows very large intraannual
and interannual variation between the wettest and driest periods
and years. In the Bay Area, the prevalence of clay soils with poor
infiltration properties necessitates the use of subdrains. Bioreten-
tion designs here need to ensure that stormwater drains sufficiently
between rain events so that water pooling does not foster mosquito
breeding and anaerobic redox conditions. Although anoxic condi-
tions can promote nitrogen removal, they can also lead to the pro-
duction of highly bioavailable methylmercury (MeHg). Thus, local
conditions may lead to less pollutant removal than a similar appli-
cation in temperate less weathered soil environments.

There are also few published studies exploring LID performance
for a suite of toxicants, including polychlorinated dibenzodioxins
and furans (hereafter collectively called dioxins), polychlorinated
biphenyl (PCB) congeners, and mercury (Hg) (priority pollutants
in the San Francisco Bay Area). One exception was the study of Hg
in a system in Maryland by Li and Davis (2009), but influent and
effluent Hg concentrations were below laboratory detection limits.
Because of their particle affinity, removal efficiencies for dioxins,
PCBs, and Hg will likely be high, similar to previously published
results for more commonly studied PAHs and other particle-bound
trace metals. However, managers need more quantitative data to
establish minimum performance targets and estimate efficacy.
For example, it is difficult to speculate about the efficiency of
LID in the removal of these rarely studied toxicants in relation
to the characteristics of a given bioretention design. Additionally,
despite net capture of particulate phase Hg in LID infrastructure,
mercury methylation may occur because of variable oxygen and
redox conditions (Brigham et al. 2002; Yee et al. 2011), which
is a concern for areas where Hg affects wildlife or human health.
The lack of data on LID performance in arid and semiarid climates
and for rarely evaluated toxicants remains a critical data gap be-
cause water quality permits are increasingly recommending LID
as a management practice.

The Daly City bioretention system is just one of many LID proj-
ects that add a green foundation to infrastructure improvements in
the San Francisco Bay Area, California. This current study provides
bioretention efficiency data for a suite of more conventional urban
pollutants (trace metals and PAHs) and provides initial data on the
removal of PCBs, dioxins, Hg, and MeHg in a semiarid climate
setting.

Methods

Site Description and Bioretention Cell Design

This project was located at the main library in Daly City, California,
near San Francisco (Fig. 1), a location with a marine-influenced
semiarid Mediterranean climate. Mean maximum temperatures
are 22°C in July and 13°C for January [Western Regional Climate
Center (WRCC) 2013]. The previous 17-year period’s (1995–2012)
mean annual precipitation (MAP) was 432 mm (WRCC 2013). Ex-
treme dry years can yield <40% MAP, and extreme wet years can
exceed 200% MAP. A mean 96% of rainfall occurs between
October 1 and April 30 [San Francisco Richmond National Oceanic
and Atmospheric Administration (NOAA) Cooperative Observer
Network (COOP) Station 047767, 13 km to the north] on a mean
of 63 rain days (rainfall >0.25 mm=day). Thus, despite a relatively
low annual rainfall, intensity of 1-, 2-, and 5-year return events is
estimated to be 12, 15, and 18 mm=h.

A 427-m2 bioretention system composed of four rain gardens
and one bioswale was installed at the demonstration site. The drain-
age area is approximately 16,200 m2 and includes a parking lot
(70% of the area) and recreation area (basketball and tennis courts
and a community area that together account for 30% of the drainage
area), which is all impervious. The drainage area is a controlled
system that does not receive or discharge runoff from any other
surrounding areas. The bioretention system accounts for a little
over 3% of the entire drainage area, with the four separate retention
cells (rain gardens) receiving runoff from different sections of the
site. The retention cells were designed following the San Mateo
County standards (Nevue Ngan Associates and Sherwood Design
Engineers 2009) specifying that each bioretention area should con-
stitute approximately 4% of the drainage area (sizing ratio of 25∶1).

The individual bioretention cells at this site were constructed
with 50 mm of 9.5-mm gravel mulch covering 380 mm of select
filter media soil material over a pea gravel drainage gallery (Fig. 2).
Analysis of the added soil blend indicated a composition of 84.2%
sand, 7.5% silt, and 8.2% clay, with an organic content of 5.3%.
The percolation rate of this loamy sand mix was measured at
198 mm=h by Soil and Plant Laboratory (Santa Clara, California).
The native soil in the area is mostly a high clay-loam content (per-
colation rate between 15 and 50 mm=h), so the installation of sub-
drains was essential. The system predominantly discharges to a
downstream stormwater conveyance, but some volume reduction
also occurs through infiltration below subdrains, soil soaking, veg-
etation interception, and evapotranspiration.

Unfortunately, trash caused problems at the site, sometimes
clogging the inlets to one or more bioretention cells during a rain-
storm, forcing runoff to lower laying inlets. This occasionally com-
promised the capacity of the system as a whole because some of the
cells were not filled, whereas others overflowed. When the cells

Fig. 1. Location of Daly City library bioretention system in San Mateo
County: (a) drainage area includes parking lot, tennis and basketball
courts, and community area; (b) retention systems are right outside
library (roof) (adapted from CDFW 2014)
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reached their capacity, water spilled over into the old storm drain
and was transported off-site without treatment to avoid flooding of
the parking lot. The observed magnitude of a rainfall event that
exceeded system capacity was 5 mm=h. This is consistent with
permit requirements [Regional Water Quality Control Board
(RWQCB) 2009] for bioretention facility design objectives to ad-
dress the flow of runoff resulting from a rain event equal to a
minimum of 5.1 mm=h (0.2 in:=h).

Field Methods

Water samples were collected across a variety of storm events,
i.e., early and late in the season, high and low intensity storms,
and saturated and unsaturated conditions, to study the site thor-
oughly before and after the installation of the bioretention system.
The preinstallation and postinstallation samples consisted of 50%
peak flow samples and 50% receding stage samples. Because of the
imperviousness of the site, the response time from the beginning of
rainfall to the beginning of runoff in the pipe draining water away
from the site ranged from 5 min before installation of the bioreten-
tion system to 15–20 min after installation. Therefore, only one
rising stage sample could be collected; the quick response time gen-
erally did not allow for collection of a full set of sample constituents
before flow peak was reached. Samples were collected at a depth of
0.1 m below the water surface in the pipe discharging runoff from
the subdrains and the overflow pipes. A portable peristaltic pump
using trace-metal clean tubing was used to fill sample containers
with well-mixed water from the middle of a manhole access point.
The sample intake was weighed down in the flow path of the water
exiting the manhole. Sample containers were kept dark and trans-
ported on ice at 4°C to the analytical laboratory.

Water flow measurements were recorded with a Global Water
Instrumentation (Sacramento, California), FL16 water flow logger
at 1-min intervals for the entire storm duration (between 4 and
170 h) of 10 storms. Three storms were monitored between March
and May 2009 before the bioretention system was installed, and
seven storms were monitored between November 2009 and March
2010 after installation was completed. Because of logistical con-
straints, the goal was to focus on an achievable and repeatable level
of data, collecting two samples per storm: one at peak flow and one
on the receding stage of the flow. In this manner, observations under a

wide variety of storm conditions were achieved across as many
storms as resources allowed.

Analytical Methods and Quality Assurance

Suspended sediment concentration (SSC) was determined by
ASTMD3977 (ASTM 2013). The PAHs, including 23 compounds,
were analyzed using high resolution gas chromatography (HRGC)/
low resolution mass spectrometry (LRMS) by AXYS Analytical
Method MLA-021, a variant of USEPA Methods 1624 and 8270.
Samples were analyzed for PCBs, including 40 congeners, by
AXYS Analytical Method MLA-010, with laboratory-specific
modifications to USEPA Method 1668 Revision A. Additionally,
seven dioxins and 10 furans were analyzed by AXYS Analytical
Method MLA-017, which is equivalent to USEPA Method 1613B,
with some laboratory-specific modifications.

Concentrations of total and dissolved mercury in water were an-
alyzed by Brooks Rand Laboratories using BR-0006, a laboratory-
specific variant of USEPA Method 1631 Revision E. The MeHg
samples were analyzed by Brooks Rand Laboratories Method
BR-0011, a laboratory-specific variant of USEPA Method 1630.
Concentrations of cadmium (Cd), copper (Cu), nickel (Ni), lead
(Pb), and zinc (Zn) were analyzed by Brooks Rand Laboratories
using BR-0060, a laboratory-specific modification of USEPA
Method 1638 using a Perkin Elmer ELAN dynamic reaction cell
inductively coupled plasma mass spectrometer (DRC II ICP-MS).

Data Quality Assurance/Control

A total of 18 whole water grab samples were collected and analyzed
with up to two field replicates and several laboratory replicates
along with certified reference material (CRM), matrix spike
(MS), and blank spike samples evaluated for accuracy, laboratory
and field replicates for precision, and laboratory blanks to screen
for contamination. This data set showed no quality assurance (QA)/
quality control (QC) issues. Sensitivity was sufficient for all field
sample results to be reported above the detection limits. Precision
was also good, with the mean laboratory and field replicate relative
standard deviations well below the target objective of 25%. The
CRM and MS sample recoveries had generally good accuracy, with
mean errors for both CRM and MS samples well within the target
of �25% (75–125% recovery).

Evaluation of Efficiency

Efficiency is a measure of how well a management practice re-
moves pollutants and differs from performance indicators, which
relate to achieving project goals or effectiveness (Strecker et al.
2001). Concentration reduction on its own can be misleading in
the evaluation of bioretention effectiveness because it is highly de-
pendent on other factors, e.g., input concentrations, rainfall, and
SSC, and does not take into account losses to groundwater and
other hydrological loss mechanisms (Strecker et al. 2001; McNett
et al. 2011). Over the last several decades, there have been many
methods proposed as measures of efficiency of best management
practices (BMP) and LID infrastructure (Roseen et al. 2006). For
LID features, the USEPA commented on the greater preference for
before and after studies, as employed in this study (USEPA 2009).
In addition, given the promise of volume reduction as part of the
treatment process in LID as compared with more conventional
BMPs, the USEPA also recommended using formal quantification
of volume reduction as a key performance measure (USEPA 2009).
When there is a discrepancy in the number of samples collected
before and after installation, as occurred in this study, the USEPA
recommended the comparative use of multiple methods for the

Fig. 2. Design and layers of bioretention cells installed in semiarid
climate at Daly City study site
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evaluation of efficiency to show the effects of method choice on
interpretations.

In addition to evaluation of effluent concentrations and com-
parison of these to available water quality targets, three numeric
methods were applied for building a weight of evidence for the
evaluation of effectiveness: volume reduction, mean concentra-
tions, i.e., arithmetic mean and flow-weighted mean concentration
(FWMC), and loads. Consistent with many previous studies, the
pollutant removal efficiency ratio (ER) is a simple to understand
concept and is the calculated relationship between untreated inflow
(influent, in this case, measured before bioretention installation)
and treated outflow (effluent measured after bioretention installa-
tion) as a percentage of inflow using the equation

ER ¼
�
influent − effluent

influent

�
× 100 ð1Þ

where influent and effluent can be any measures of the system, such
as volume, concentrations, or loads. Loading rates were estimated
by multiplying concentrations at a given time by instantaneous flow
at that time using the following equation:

Loading rate ¼ pollutant concentration × flow × conversion factor

ð2Þ
where the loading rate is measured in mg=min; the conversion fac-
tor is dependent on the measured units of concentrations, in this
study, mostly ng=L; and flow, in this study, is measured in cubic
feet per second.

Results and Discussion

Precipitation

The study started late in the wet season of 2008–2009. The wet
season in this region usually starts in October and ends in April,
with most rainfall occurring in December and January. Six samples
were collected over the course of three storms during that first wet
season of the study before installation of the bioretention system.
Precipitation ranged from 2 to 5 mm over storm durations lasting
from 4 to 23 h for the events studied. The second year of this study
(postinstallation) was an above normal wet year, with more precipi-
tation at the study site. Precipitation in the second year ranged from
0.2 to 46 mm over storm durations lasting between 45 min and
17 h. A total of 12 samples were collected over the course of nine
storms after the installation of the bioretention system in the second
wet season. This postinstallation sampling included a wider range
of storm types. Two of the second winter season’s storms had sim-
ilar characteristics to the first winter season’s storms, with similar
rainfall intensity and duration and also a similar duration of dry
weather antecedent conditions before the beginning of the storm.
The remaining storms sampled spanned a variety of weather char-
acteristics, including the most intensive rainfall recorded in this
study. The first monitored storm of the second winter season
brought 13 mm of rain in approximately 45 min and caused the
stormwater to bypass and overflow into the original storm drain.
It is estimated that the return interval of this storm was 3–5 years,
which is well beyond the design specifications of the Daly City
bioretention system.

Flow

Flow measurements in the effluent pipe ranged from below the
0.0014 m3=s flow measurement limit of the flowmeter to a maxi-
mum of 0.071 m3=s. The mean flow for each of the 10 monitored

storm events, during which a total of 18 samples were collected,
was measured between <0.0014 m3=s in January 2010 during a
series of storms lasting 33 h and 0.0023 m3=s in December
2009 during a storm lasting 5 h. Storm events of similar magnitude
showed only a slight decrease in the overall flow volume after the
installation of the bioretention system. However, the flow period
was prolonged for all storms during the second year of this study
with the bioretention system in place, possibly allowing for in-
creased adsorption of pollutants to the filter media. The system
demonstrated the ability to delay and reduce runoff peak flow
velocities and volumes through infiltration and evapotranspiration.
However, because the soil and filter media stayed wet and were
often saturated, new rainwater started pooling quickly when there
were only brief time periods between storm events, and only a
slight decrease (approximately 10%) in flow volume was observed
when compared with similar storms before bioretention installa-
tion. The theoretical bioretention abstraction volume (Davis et al.
2012) for this system was estimated at 19.7 m3, and for the best
case scenario (dry soil), the reduction in flow could be slightly
higher than 10%. Reduction in effluent volume by LID has been
observed even in situations in which native soil conditions do not
favor rapid infiltration (Hunt et al. 2006). It is likely that during
drier winters with longer periods between major storm events, flow
volume reduction would have been greater than observed in the
2009–2010 above average rainfall year. Additionally, the maturing
of the plants in the bioretention system can be expected to result in
higher absorption of water and further decreased flow volume in
future years. Therefore, at this time, what the mean efficiency of
the system is with regard to flow volume reduction cannot be said,
but it is likely greater than 10% (well in excess of the original de-
sign intent) and therefore an important factor in efficiency calcu-
lations (Hunt et al. 2006).

Suspended Sediment Concentration and Load
Reductions

The concentrations of suspended sediment ranged from 2.9 to
43 mg=L before the installation of the bioretention system and
from 4.5 to 44 mg=L after the bioretention system was constructed
(Table 1). One SSC sample that was collected during the larger
storm measured 110 mg=L and was not used in computations of
efficiency because it was taken when the capacity of the bioreten-
tion system was exceeded and bypass water spilled over into the
original storm drain untreated. Mean suspended sediment loading
rates were calculated using instantaneous flow measurements for
the first and second winter. Loading rates were estimated to be re-
duced by 74% even though it is likely that small amounts of sedi-
ment in the effluent originated from the bioretention soil mix that is
not separated from the drainage gallery by any filter material or
other fabric, rather than coming off of the parking lot. This process
has been a concern elsewhere (Deitz and Clausen 2005; Hunt et al.
2006) and can conceivably diminish LID efficiency for both SSC
and particle-bound pollutants, such as total phosphorus and metals.
Because the second winter brought more frequent and intense rain-
fall events, the amount of sediment entering the system was likely
higher than in the first year. If this assumption is accepted, the re-
moval efficiencies reported here for sediment and associated
pollutants may be biased low.

Comparison of Effluent Concentrations with Standards
and Guidelines for Metals

The effluent quality of the Daly City bioretention system improved
overall relative to local water quality standards and guidelines.
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Postinstallation concentrations for most trace metals were lower
than preinstallation concentrations when the majority of runoff water
was captured by the bioretention system, indicating a generally
positive performance for these constituents. The only exception
was MeHg, which showed preinstallation concentrations of
0.19–1.6 ng=L (mean of 0.63 ng=L) and postinstallation concen-
trations of 0.15–3.4 ng=L (mean of 1.6 ng=L; Table 1). In contrast,
total mercury (HgT) and dissolved mercury (HgD) concentrations
decreased postinstallation (Table 1). Because of miscommunication
during the construction phase, a subdrain was left out when the
bioretention system was constructed. The subdrains underneath
the filter media are supposed to transport water out of the system
fast enough so that the bioretention cells remain predominantly aer-
ated. The missing subdrain may have increased infiltration proc-
esses beyond the original design intent (a positive outcome) but
caused some anaerobic conditions on the bottom of one cell, where
water was not or only very slowly draining, which may have cre-
ated conditions favoring MeHg production by bacteria (a negative
outcome). During rain events, anaerobic water from underneath the
filter media could have possibly commingled with rainwater filter-
ing through the system, causing the higher MeHg concentrations
after the implementation of the bioretention system. These kinds
of processes are known to occur in constructed seasonal wet-
lands and flood control impoundments (Brigham et al. 2002;
Yee et al. 2011).

Mean Cu concentrations decreased from 46 to 7.7 μg=L
(Table 1), and Zn concentrations dropped from 690 to 46 μg=L.
Similar trends were seen for Ni, Pb, Cd, Cu, and Zn. For example,
83% (n ¼ 6) of the prebioretention system samples were above the
criterion maximum concentration (CMC) for water quality recom-
mended by the USEPA for Cu and only 8% (n ¼ 12) were above
the CMC after the bioretention system was installed. The recom-
mended CMC for Cu is 13 μg=L for water hardness ranging from
100 to 130 mg=L. The water hardness mean of this study was
120 mg=L. The only Cu sample slightly exceeding the CMC after
the bioretention system was installed was measured at 13.8 μg=L.
Also, all postinstallation samples were below the CMC for Zn
(120 μg=L). Although Zn does not pose human health risks, it
can be highly toxic to aquatic life. The ambient water quality guide-
lines for marine life and freshwater aquatic life are 90 and between
30 and 120 μg=L, respectively, depending on hardness (USEPA
2005). One outlier Zn concentration (2,500 μg=L) measured dur-
ing a moderate intensity spring storm was greater than the mean
preinstallation Zn concentration. It is unknown if this resulted
from dumping of Zn-contaminated waste, e.g., leaking batteries
or Zn-containing fluids, e.g., wood preservative, in the parking

area. However, urban runoff concentrations may commonly vary by
an order of magnitude without any evidence of dumping. All other
monitored metal concentrations were below the recommended
CMC during both years of this study. Effluent metal concentrations
were generally less variable than concentrations before installation.
This further indicates effective buffering of polluted runoff by bio-
filtration (Hatt et al. 2009), and overall, the Daly City bioretention
system appeared to improve effluent quality. The results for HgT,
a constituent rarely measured before in bioretention systems, ap-
peared to show results consistent with other trace metals. The
data for MeHg, although perhaps only representing misinstalled
bioretention facilities, appear to indicate reduced water quality,
emphasizing the need for careful installation.

Metal Concentration Reductions

The efficiency of the system to reduce concentrations between in-
fluent and effluent also appears to be high but varied by pollutant.
Pollutant concentration reductions followed the order Zn > Cd >
Cu > Pb > SSC > Ni > HgT (Table 2). These results are some-
what similar to previous studies that have consistently reported
greatest removal rates for Zn relative to Pb and lower removal rates
for Cu (Davis et al. 2003; Hatt et al. 2009; Hunt et al. 2006, 2008;
Li and Davis 2009). Lower removal rates for SSC relative to chemi-
cal pollutants have been reported previously (Diblasi et al. 2009;
Hatt et al. 2009; Hunt et al. 2006). The causes appear to be unique
to each system and can include pollutant influent concentrations
approaching the treatment limits of a given bioretention design,

Table 1. Summary of Water Quality for before and after the Installation of the Bioretention System

Parameters

Before (n ¼ 6) After (n ¼ 12)

Range Mean SD Range Mean SD

SSC (mg=L) 2.9–43 21 13 4.5–44 15 14
MeHg (ng=L) 0.19–1.6 0.63 0.48 0.15–3.4 1.6 1.4
HgT (ng=L) 3.5–47 22 7.7 5.8–27 18 8.8
HgD (ng=L) 2.4–33 14 15 2.1–18 8.4 4.4
Cu (μg=L) 3.3–143 46 50 3.4–14 7.7 3.3
Zn (μg=L) 36–2,500 690 910 9.8–84 46 28
Ni (μg=L) 0.73–49 15 18 3.6–25 12 8.3
Pb (μg=L) 0.16–14 3.5 5.2 0.81–3.4 1.7 0.92
Cd (μg=L) 0.13–1.6 0.56 0.67 0.02–0.16 0.09 0.05
PCBs (pg=L) 180–1,300 730 390 190–870 410 210
PAH (ng=L) 670–4,600 2,300 1,300 89–550 235 140
OCDD (pg=L) 6.8 (MDL) –110 38 39 <0.47 (MDL) <0.47 (MDL) 0.0091

Note: Detection limits changed in some cases between before and after sampling events; MDL = method detection limit.

Table 2. Comparison of Efficiency Evaluation Using Three Commonly
Used Techniques Expressed in Percentage Reduction from
Preinstallation to Postinstallation of the Bioretention System

Parameters
Concentration

(%)
Flow weighted mean
concentration (%)

Loading
rate (%)

SSC 29 82 84
MeHg –152 –87 –56
HgT 18 78 59
HgD 50 55 64
Copper 83 94 96
Zinc 93 97 98
Nickel 20 74 79
Lead 51 86 87
Cadmium 84 96 96
PCBs 44 78 82
PAHs 90 97 97
OCDD 97 98 97
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blow through of fine particles, and erosion of media. Considering
that the Daly City media included 8.2% clay content and no filter
fabric was used between the filter media and drainage gallery, it
was perhaps not surprising that SSC was reduced less than some
of the other constituents evaluated. It is possible that sediment
particles were added to the runoff from the Daly City bioretention
media perhaps because of immaturity, i.e., still settling, plants not
fully rooted, and thatch still expanding. Examinations of prototype
rain gardens (Davis et al. 2001) have documented that mulch es-
pecially acted as a sink for trace metals, retaining up to 98, 36, and
16% of Cu, Pb, and Zn concentrations, respectively. Plants only
removed between 0.1 and 0.2% of metals. Certain plants that hyper-
accumulate heavy metals could be considered for rain gardens
with elevated metal inputs for the continuous removal of metals
(Wu et al. 1999; Sarret et al. 2001) as long as the vegetative material
does not become a significant food source for resident biota of
concern.

Plants in the Daly City bioretention system were placed into the
ground just before the first rains and monitoring in October 2009.
As the root systems of these plants develop in future years, their
metal retention potential may increase because it will aid the physi-
cal particulate filtering process. According to the study of Davis
et al. (2001), even with plant maturity, metal removal in the Daly
City bioretention system will still likely be due primarily to physical
retention by the roots, mulch, and other layers of the filter media rather
than by metal adsorption or uptake by the plants. Despite imma-
turity of the system, efficiency in relation to concentration reductions
was high overall and generally consistent with previous studies.

Metal Load Reductions

First-order estimates of mean loading rates also suggested measur-
able reductions. These ranged between approximately 59% for
HgT to over 90% for Cd, Cu, and Zn after the bioretention system
was installed (Table 2). Although it appears that HgT, Ni, and Cd
have not been studied before in LID systems, a number of previous
studies have reported LID system efficiency for the removal of Cu,
Pb, and Zn, ranging between 43 and 99% for Cu, 31–100% for Pb,
and 64–99% for Zn (Davis et al. 2003; Hatt et al. 2009; Hunt et al.
2006, 2008; Li and Davis 2009). On the basis of these comparisons,
it seems that bioretention efficiency in the Daly City semiarid
climatic regime is comparable to the best performing temperate
climate systems. However, managers may have to take into con-
sideration the lower efficiency for Hg and concerns about its
methylation, especially for water bodies impaired with Hg (Yee
et al. 2011). Evidence discussed by Davis et al. (2003) indicated
that the upper surface mulch layer can be responsible for a larger
fraction of metal removal in bioretention cells. Because the dis-
solved phase of metals, including Hg, may be more bioavailable,
improving LID retention of the dissolved phase of these pollutants
in relation to the design characteristics of bioretention should be a
subject of further investigations, especially in semiarid systems that
are more prone to wetting and drying. Despite these issues, similar
to concentration reductions, the Daly City system appears to be
efficient for reducing metal pollutant loads, with results reasonably
consistent with studies in temperate climates.

Trace Organic Pollutant Concentration Reductions

After the installation of the bioretention system, mean PCB, PAH,
and dioxin concentrations decreased (Table 1). Mean PCB concen-
trations after the installation of the bioretention system (410 pg=L)
were 44% lower than before the installation (730 pg=L), with some
indication that the higher chlorinated PCBs showed the greatest

decrease. This could be explained by the bioretention system more
effectively removing the PCB congeners that are more strongly
associated with particles. One sample (March 22, 2009) had a
relatively high proportion of lower chlorinated PCBs in the biore-
tention system effluent. This suggests mobilization of a source with
larger amounts of the less chlorinated Aroclor mixtures (Aroclor
1242 and Aroclor 1248). The sample collected on January 12,
2010 had a similar profile to the March 22, 2009 sample, sug-
gesting a similar source or better removal of the higher chlorinated
PCBs that associate more strongly with particles. The sample col-
lected during the bypass event showed the highest PCB concentra-
tion and also an unusual profile dominated by higher chlorinated
PCBs characteristic of Aroclor 1260. This could be because of ei-
ther mobilization of a more highly chlorinated source in the water-
shed or, more likely, bypass of the bioretention system during this
overflow event. This overflow sample provided very useful evi-
dence that the chemical composition of the inflowing runoff was
very similar between the two winters, which is a facet of the sam-
pling program that provided further evidence that the bioretention
system caused the observed water quality improvements. Because
there are no contemporary PCB source areas within the very small
watershed, it was surmised that atmospheric deposition was the
mechanism for current site loading; this was supported by the gen-
erally low concentrations observed at the site. The most toxic
PCBs, especially PCB 126, are moderately chlorinated, and the
moderately chlorinated congeners did not appear to be selectively
retained by the bioretention system. There appears to be no other
studies that report PCB efficiency data for bioretention systems.

The PAH concentrations were reduced by a mean of 90%, from
2,300 to 235 ng=L, after the installation of the bioretention system
(Tables 1 and 2). There was a distinct general difference in PAH
profiles after installation, with consistently greater reductions of
the higher molecular weight pyrogenic PAHs that are generated
from fossil fuel combustion. The physical and chemical character-
istics of PAHs vary with molecular weight. For instance, PAH re-
sistance to oxidation, reduction, and vaporization increases with
increasing molecular weight, whereas the aqueous solubility of
these compounds decreases. As a result, PAHs differ in their behav-
ior, distribution in the environment, and effects on biological sys-
tems. This suggests that the bioretention system captured these
more hydrophobic particle-associated PAHs more effectively than
the more soluble low-weight PAHs. Before installation, the low-
weight PAHs accounted for 19% of the sum of the PAHs, and
high-weight PAHs accounted for 81%. After installation, the low-
weight PAHs in bioretention effluent accounted for 44% of the sum
of PAHs, and high-weight PAHs accounted for 56%. The more
effective reduction of high-weight PAHs is important because
many of these compounds have been shown to be toxic to aquatic
organisms (USEPA 2002).

The highly efficient removal rates for PAHs that were observed
in the Daly City bioretention system were consistent with other
studies that examined influent concentrations and percentage
removal for pollutants in rain gardens (USEPA and ASCE 2002;
Diblasi et al. 2009). For example, the efficiency of bioretention
for the treatment of PAHs was studied in Maryland for a catchment
area consisting of a parking lot, road, and sidewalk (Diblasi et al.
2009). They observed effluent concentrations similar to those for
the Daly City bioretention system (220 ng=L) and an efficiency of
87% on the basis of mass and 90% on the basis of concentration
reduction. Similar to the Daly City study, they also observed a
strong relationship with suspended sediment and found that heavier
molecular weight PAH species, including fluoranthene and pyrene,
were dominant, indicating pyrogenic sources, which likely resulted
from vehicle combustion processes.
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Octa-chlorinated dioxin (OCDD) was the most abundant dioxin
in runoff water, with the most toxic tetra-chlorinated dioxins not
detected throughout this study. The OCDD concentrations ranged
from below the 6.8-pg=L detection limit to 110 pg=L before the
system was installed (Table 1). Only one preinstallation sample
(April 2009) had a detected concentration of total tetrafurans with
0.56 pg=L. The postinstallation results for OCDD were all below
the method detection limit of 0.47 pg=L, which is likely because of
effective removal by the bioretention system, and consequently,
loading removal rates would be close to 100%. Similarly to PCBs,
there appears to be no other studies that evaluate LID efficiency in
the removal of dioxins.

Trace Organic Pollutant Load Reductions

The calculation of pollutant loading rates for PAHs and PCBs in a
similar manner shown for metals previously showed a reduction of
approximately 82% for PCBs and 97% for PAHs in stormwater
runoff (Table 2). Even though this calculation is on the basis of
instantaneous samples and only represents a snapshot of the overall
storms, the results suggest that pollutants originating from a nearby
source, e.g., PAH from engine combustion, can be significantly re-
duced as the water passes through the bioretention system, with
concentrations in effluent remaining low in a variety of storm con-
ditions. Atmospheric deposition or particulate transport from either
local or longer range sources was likely the main source of PCBs in
the runoff from this parking lot and recreation area.

Although PCBs were removed to a greater extent than many of
the metals, performance for HgT, the other pollutant known to
predominantly originate from atmospheric deposition, was lower.
Deposited Hg is most likely in a dissolved, colloidal, or ultrafine
particulate phase and a large portion of the Hg cycle is atmospheric
(Rothenberg et al. 2010), whereas in water bodies adjoining urban
centers, there is generally a net flux of PCBs into the atmosphere
from inventories in water and sediment (Tsai et al. 2002) likely
associated with solids because of the low solubility of PCBs. Be-
cause the bioavailability of pollutants may be higher when they are
in the dissolved phase, the ability for LID to remove dissolved
phase metals and trace organic toxicants is an area that deserves
further research (Sun and Davis 2007; Li and Davis 2009). The
current results are very promising and suggest that unlike conven-
tional structural BMPs, LID systems have at least moderate dis-
solved phase removal, which is consistent with previous studies
(Sun and Davis 2007).

Comparison of Performance Indicators

Of interest, the estimates of efficiencies generated from the use of
loading rates were almost always greater than those generated from
mean concentrations or FWMCs. This observation was common in
previous studies for analytes in which the system itself is not a
source of pollutants and was even greater for systems in which
a large portion of treatment is caused by volume reduction (Line
and Hunt 2009). Efficiencies attributable to concentration are usu-
ally greater than those attributable to loads for LID units that are net
sources of pollutants, which has often been found for nutrients
(Hunt et al. 2006; Line and Hunt 2009) and occasionally suspended
sediments (Hunt et al. 2006). Thus, it appears that applying resour-
ces for flow monitoring in systems not designed for volume reduc-
tion may be less necessary. Sample numbers of just 3–10 samples
are a common facet of previous studies of bioretention (Davis et al.
2003; Diblasi et al. 2009; Hatt et al. 2009; Li and Davis 2009; Line
and Hunt 2009) and are often discussed as a study limitation in
relation to the strength of interpretations. Given this issue, under

some circumstances, limited financial resources might be best as-
signed to increasing sample numbers for water quality parameters
to increase the confidence in the resulting efficiency calculations
attributable to statistical measures.

Conclusions

The Daly City library bioretention system (rain gardens and bio-
swales), which was situated in a semiarid climatic zone, was highly
effective in removing metals and organic pollutants from storm-
water. Pollutants that originate from local sources (vehicles and
weathering pavement) and have relatively high concentrations in
runoff, like most metals and PAHs, seemed to be effectively treated
through the system. Pollutants originating more from atmospheric
sources, including Hg, PCBs, and dioxins, rarely or never studied
in LID systems, were not as elevated in stormwater runoff and were
reduced less than pollutants with local sources.

Three different approaches were used in this study to evaluate
the effectiveness of the bioretention system. Pollutant concentration
reduction, FWMC, and loading rate reduction all showed similar
results, indicating the successful removal of the monitored pollu-
tants, even with only limited volume reduction in this system be-
cause of native clay soils and the installation of a subdrain.

This study has begun to address several existing data gaps, the
lack of efficiency evaluations for bioretention treatment measures
installed in arid climates, and the lack of observations of trace con-
taminants, such as PCBs, Hg, and dioxins. Stormwater managers,
who need to address concentrations and loading effects to receiving
waters, while also providing improved aesthetic and biological
value to the stormwater system, would benefit from pilot studies
of bioretention systems, such as combinations of rain gardens
and bioswales, as an innovative and effective component of their
overall stormwater management program for these pollutants.
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