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Urban Stormwater Treatment Using Biofiltration—
Variable Performance Across Solids, Nutrients, Major

lons, and Metals

By William R. Selbig and James Romano

Plain Language Summary

Urban stormwater runoff can carry sediment, nutrients,
salts, and metals into nearby rivers and lakes, contributing to
flooding and water-quality problems. To reduce these impacts,
communities are increasingly using shallow, planted systems
called biofilters to capture and soak up runoff. This study
evaluates how well a biofilter in Milwaukee, Wisconsin,
performed over three years and what its results mean for
managing stormwater in urban areas.

The biofilter was highly effective at managing stormwater
volume and flow. On average, it reduced the amount of runoff
leaving the site by 86 percent and reduced peak flow rates by
92 percent. These reductions help lower the risk of flooding
downstream, especially during heavy rain.

The biofilter also worked very well at removing pollutants
attached to soil and debris. Nearly all suspended sediment
was removed, and total phosphorus was reduced by more than
80 percent. Most metals attached to sediment, such as lead
and copper, were also greatly reduced. These results show that
biofilters are reliable tools for controlling particulate forms of
pollutants from roads, even when sediment loads are high.

However, the biofilter was less effective at treating
dissolved phase pollutants. For example, dissolved phosphorus
and several dissolved metals, including iron and manganese,
were often higher in water leaving the biofilter than in water
entering it. Sodium, a major component of road salt, was
also released from the system at times. Export of dissolved
phase pollutants from the biofilter likely reflects interactions
between runoff, organic material in the soil, and winter deicing
practices. Improving soil mixtures, managing vegetation, and
reducing salt inputs may help biofilters better protect urban
water quality in the future.

Abstract

Urban runoff from streets and parking lots carries
pollutants that degrade receiving waters. Green infrastructure,
such as biofilters, is increasingly used to treat this runoff by

mimicking natural hydrologic processes. The U.S. Geological
Survey, in cooperation with the Milwaukee Metropolitan
Sewerage District, evaluated a biofilter receiving roadway
runoff from an industrial area in Milwaukee, Wisconsin, over
a 3-year period (2022-24). Paired inlet and outlet samples
were analyzed for changes in runoff volume, peak discharge,
and concentrations of solids, nutrients, major ions, and metals.
The biofilter reduced runoff volume by 86 percent and peak
discharge by 92 percent, with substantial reductions in total
suspended solids (99 percent), total phosphorus (86 percent),
and particulate metals (greater than 80 percent for most
analytes). However, dissolved constituents showed variable
performance; dissolved phosphorus and several metals
exhibited net export, likely influenced by media composition,
redox conditions, and winter road salt inputs. Sodium export,
despite stable chloride loads, suggests cation exchange and
seasonal release dynamics. These findings highlight limitations
of conventional biofilter designs for dissolved pollutants and
underscore the need for improved media, vegetation manage-
ment, and consideration of winter deicing practices.

Introduction

Conventional stormwater infrastructure conveys runoff
from developed areas via piped conveyance systems and open
drainage channels to centralized treatment facilities or directly
to receiving water. During high-intensity or large-volume
precipitation events, these systems frequently exceed their
design capacity, resulting in localized flooding and insufficient
mitigation of water-quality impacts. Runoff discharged to
surface waters often contains elevated concentrations of
suspended sediment, nutrients, trash, and other contaminants,
with pollutant loads further exacerbated in areas served by
combined sanitary and storm sewer systems during high-flow
conditions (U.S. Environmental Protection Agency, 1983;
Great Lakes Commission, 2018). By contrast, precipitation
in undeveloped landscapes is largely infiltrated, retained,
and filtered by soils and vegetation, producing runoff that is
reduced in both volume and pollutant load prior to reaching
downstream water bodies.
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Green infrastructure (GI), as defined by the Water
Infrastructure Improvement Act (Public Law 115-436, 132
Stat. 5565), includes the range of measures that use plant or
soil systems or other permeable surfaces to store, infiltrate, or
evapotranspire stormwater and reduce flows to sewer systems
and receiving water bodies. GI practices are increasingly being
used at various scales to address the hydrologic challenges of
increasing impervious surfaces found in expanding urbanized
areas. By capturing and treating stormwater at or near its
source, GI is increasingly being recognized as a key strategy in
helping communities meet watershed goals (Baker and others,
2022). Although GI is primarily designed to reduce flooding
by decreasing stormwater volume and peak flow rates, recent
modifications have centered around improving the quality
of stormwater through treatment processes such as settling,
filtration, adsorption, and biotransformation of pollutants (Clary
and others, 2020; Bodus and others, 2024). These processes,
when used in combination, have been shown to be effective at
mitigating the water-quality effects of stormwater to surface and
groundwater systems; however, reported treatment efficiencies
of GI have largely been constrained to a limited number of
regulated pollutants such as total suspended solids (TSS) and
total phosphorus (TP) (Field and Sullivan, 2002; Barrett, 2005).

Biofilters, also known as bioretention cells, bioswales,
and rain gardens, are a type of GI practice that have
increasingly gained popularity because of their low cost
to design, build, and maintain, but also because of their
proven capacity to remove appreciable amounts of sediment,
nutrients, and metals from untreated urban stormwater
(Feng and others, 2012; Zhang and others, 2014; Clary and
others, 2020). However, although most biofilters can remove a
portion of particulate pollutants in stormwater, they are often
ineffective at removing dissolved pollutants. Of the regulated
pollutants biofilters are typically designed to treat, dissolved
phosphorus (DP) and chloride have been shown to have higher
concentrations at the outlet compared to the inlet (Erickson and
others, 2012, 2019). The unique physiochemical properties of
dissolved-phase pollutants hinder their removal by biofilters.

To address the ineffectiveness of biofilters at removing
dissolved pollutants, an expanding list of design modifications
has been tested for enhanced pollutant removal, primarily in
the form of new formulations of soil amendments. The list
of materials used in soil mixtures to enhance pollution
control is extensive, with varying degrees of success. In most
cases, removal primarily occurs through adsorption to other
materials. For example, iron filings and biochar are often used
in biofilters for enhanced phosphorus removal. Erickson and
others (2012) have shown that sand mixed with 5 percent
iron filings captures a mean of 88 percent of DP. In a review
of 40 different adsorptive materials, Ali and Pickering
(2023) suggest activated alumina, layered double hydroxyl,
alum-based water treatment residuals, and zero valent iron
as top performers. Although results from these studies are
promising, they are typically done under controlled conditions
using synthetically produced runoff applied to soil columns
or mesocosms that emulate biofiltration. Results from these

studies should be validated through in situ monitoring at
field scale to properly characterize response across a range of
environmental conditions (Hatt and others, 2009).

Design features other than soil additives have also shown
promise at enhanced pollutant removal. Using soil columns to
assess the effect of a range of factors on removal efficiency,
Bratieres and others (2008) noted more than 98 percent of
copper and zinc was removed if the soil depth was greater
than 300 millimeters. Other studies point to proper selection
of vegetative species and use of saturation zones to enhance
nutrient reduction, particularly nitrogen (Read and others,
2008; Wu and others, 2017). Simple design modifications, as
well as other existing treatment mechanisms (for example,
filtration, sorption, biological and other physiochemical
processes), hold potential to sequester particulate and
dissolved-phase pollutants; however, no single design
alteration or soil additive has been shown to address the full
range of pollutants present in urban stormwater. Therefore, the
precise approach and engineering modifications needed to do
so are unclear (Bodus and others, 2024). More information is
needed to better understand the fate, transport, exposure, and
toxicity of stormwater pollutant mixtures discharged to and
from infiltration-based GI practices.

The U.S. Geological Survey, in cooperation with the
Milwaukee Metropolitan Sewerage District (MMSD), initiated
a study to determine the pollutant reduction capabilities of a
biofilter receiving roadway runoff from an industrialized area
in Milwaukee, Wisconsin. MMSD has a goal of capturing the
first 0.5-inch of rainfall on impervious surfaces (equivalent
to 740 million gallons of water) with GI by the year 2035
(CH2MHILL, 2013). A large part of this goal is intended to
be achieved by creating 650 acres of bioretention, bioswales,
and rain gardens to store 26 percent of stormwater runoff
from impervious surfaces. In addition to stormwater volume
reduction, MMSD is continuously working on advancing
new techniques and technologies that improve the quality of
water entering Lake Michigan and its tributaries. Through
advancements in biofilter design and maintenance, MMSD is
taking steps to not only meet current water-quality regulations
for TSS and TP but also minimize contributions of a larger
suite of pollutants, such as metals and chloride, to downstream
receiving waters. This study supports an ongoing effort to
identify existing and new methods to reduce nonpoint source
pollution from urban areas.

Materials and Methods

This study quantified concentrations and loads of select
total and dissolved inorganic pollutants in urban stormwater
runoff from an impervious roadway and conveyed through
a biofilter in Milwaukee, Wis. Water-quality performance of
the biofilter was assessed by comparing differences between
inputs at the biofilter inlet and outputs via the underdrain.
Collection of samples began in the summer of 2022 and
concluded in the fall of 2024.



Site Description

Samples were collected for this study within the Green
Tech Station green infrastructure plaza (hereafter referred to
as “Green Tech Station™), which is a 3-acre site located in a
mixed commercial and industrial use area in Milwaukee, Wis.
(fig. 1). In 2018, the site transitioned from an undeveloped
parcel of land into an environmental education and stormwater
management demonstration park. The site features several
green infrastructure practices, including four separate biofilters
designed to capture and treat runoff from an adjacent roadway.
Of the four biofilters at Green Tech Station, only one was
instrumented for measurement of discharge and collection of
water-quality samples (fig. 1).

Flow Measurement

Measurement of discharge at both the biofilter influent
and effluent was quantified using pre-rated hydraulic control
structures at each monitoring location. Measurements of
water level were converted to discharge using manufacturer-
provided rating curves based on standard flume and weir
equations. These relationships account for geometry and
flow regime to allow for quantification of inflow and outflow
necessary to evaluate biofilter hydraulic performance and
frequency of water-quality samples.

Inlet

Near Green Tech Station, stormwater runoff is routed
from an approximately 4,000 square feet section of a feeder
street to a nearby storm drain (fig. 1). The street is asphalt-
based serving primarily industrial land use with a mean traffic
count of 3,600 vehicles per day (Wisconsin Department of
Transportation, 2025). A 4-inch pipe transfers runoff from
the storm drain into a 5- x 1-foot (ft) concrete chamber at the
head of the biofilter. Water inside the concrete chamber rises
to approximately 0.17 ft before cascading through an 11-inch
x 24-inch, 95-degree V-notch weir (fig. 2). A submersible
pressure transducer, calibrated to the nearest 0.01 ft, measured
the changing water level in the concrete chamber, which
was then used to compute instantaneous discharge by use
of standard weir equations (Grant and Dawson, 2001).

Water passing through the weir first entered a pre-treatment
forebay before reaching the biofilter (fig. 3). The forebay was
lined with an impermeable membrane and filled with cobble
overlying coarse gravel. The rectangular forebay extended

3 ft away from the concrete chamber and 1 ft below the weir
invert. Once full, water from the pre-treatment forebay would
then overflow into the biofilter.

Materials and Methods 3

Outlet

Runoff infiltrating through the biofilter was captured by a
4-inch underdrain and routed to a 20,000-gallon underground
cistern. A 4-inch Palmer-Bowlus flume was attached to
the terminus of the underdrain pipe within the cistern for
measurement of effluent discharge (fig. 4). A submersible
pressure transducer, calibrated to the nearest 0.01 ft, measured
the changing water levels in the flume that were then used to
compute instantaneous discharge by use of standard flume
equations (Grant and Dawson, 2001). There were no overflow
drains in the biofilter.

The cistern was used to temporarily store effluent
discharge from the biofilter as well as from all other GI
practices within the Green Tech Station. Stored water was later
used to irrigate vegetation during dry periods. On occasion,
the volume of water would exceed the storage capacity of the
cistern and submerge the flume. Water levels measured during
these periods were censored from analysis.

Precipitation

Continuous precipitation data were collected by use
of a tipping-bucket rain gage calibrated to 0.01 inch per tip.
The rain gage was located near the center of the Green Tech
Station in an area with no overhead tree canopy or other larger
structures. The rain gage was not designed to measure snowfall;
however, some runoff events occurred during the winter when
precipitation was in the form of rain instead of snow. Because of
the roughness of the street surface, runoff did not typically occur
until rainfall exceeded approximately 0.1 inch.

Measurement of Concentrations in Water

The inlet and outlet monitoring stations were equipped
with refrigerated, automated water-quality samplers.
Each sampler had an orifice diameter of approximately
0.375 inch and a withdrawal velocity of approximately 3.0 feet
per second. The sample intake for runoff into the biofilter was
located at the invert of the 4-inch pipe leading into the concrete
chamber (fig. 2). The intake for runoff out of the biofilter
was located at the invert of the 4-inch underdrain pipe just
upslope of the flume in the cistern (fig. 4). Sample collection
was activated by a rise in water level in the flumes during a
precipitation or snowmelt event, or both. Once water level
exceeded a threshold, typically 0.03 ft above the point of zero
flow, the volume of water passing the monitoring station was
measured and accumulated at 1-minute increments until a
volumetric threshold was reached. At that point, a discrete
water sample was collected, and the volumetric counter was
reset. This process was repeated until the water level receded
below the threshold. All flow-weighted discrete samples
collected throughout the duration of an event hydrograph
were combined into a single, composite sample, resulting
in an event mean concentration (EMC) that represented a
minimum of 80 percent of the storm hydrograph.
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Water-quality samples were collected within 24 hours samples were kept refrigerated at 4 degrees Celsius until
after runoff cessation. A Teflon churn splitter was used to delivered to the analytical laboratory, usually within 48 hours
composite and split samples into sample containers to after preservation. Samples were analyzed for inorganic

be delivered to the analytical laboratory. A portion of the constituents at the National Water Quality Laboratory in
composite sample was processed through a 0.45-micrometer ~ Lakewood, Colorado. A list of all analyzed constituents in
filter for analysis of dissolved constituents. All processed paired water-quality samples is provided in table 1.

Influent:
sample
intake

Figure 2. V-notch weir used to measure the discharge of runoff entering the biofilter. A, Cobble pretreatment forebay. B, Submersible
pressure transducer placed below the invert of the V-notch weir.
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Figure 3. Schematic of biofilter cross-section detailing the concrete weir, pretreatment forebay, and biofilter with underdrain.

Figure 4.

Water-quality
sampler intake

Palmer-Bowlus flume used to measure underdrain effluent discharge from the biofilter.
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Table 1. Constituents analyzed in water samples collected at the inlet and outlet of a biofilter in Milwaukee, Wisconsin.

[MDL, method detection limit; mg/L, milligram per liter; pg/L, microgram per liter]

Constituent Units MDL Method
Total suspended solids mg/L 15 Fishman (1993)
Total phosphorus mg/L 0.003 Drummond and Maher (1995)
Dissolved phosphorus mg/L 0.003 Drummond and Maher (1995)
Calcium mg/L 0.04 Garbarino and Struzeski (1998)
Magnesium mg/L 0.01 Garbarino and Struzeski (1998)
Sodium mg/L 0.2 Garbarino and Struzeski (1998)
Bromide mg/L 0.01 Fishman and Friedman (2015)
Chloride mg/L 0.05 Lipps and others (2023)
Aluminum pg/L 4 Faires (1993)
Cadmium ng/L 0.03 Faires (1993)
Chromium pg/L 0.5 Faires (1993)
Cobalt pg/L 0.03 Faires (1993)
Copper ng/L 0.4 Faires (1993)
Iron ng/L 5 Garbarino and Struzeski (1998)
Lead pg/L 0.03 Faires (1993)
Manganese ng/L 0.4 Faires (1993)
Nickel pg/L 0.2 Faires (1993)
Vanadium pg/L 0.1 Faires (1993)
Zinc ng/L 2 Faires (1993)
Arsenic pg/L 0.1 Faires (1993)

Biofilter Design and Maintenance

The biofilter within Green Tech Station is approximately
12 ft wide and 100 ft long, covering an area of 1,200 square
feet and approximating a 3:1 ratio of contributing to receiving
area. The bottom of the biofilter is 2 ft wide with a 5:1 side
slope and a 1-ft ponding depth, creating a storage capacity
0f 9,000 gallons (fig. 5). The upper 2 ft of engineered
soil consists of a mixture of 80 percent friable topsoil,
10—15 percent sand, and 5 percent compost. This mixture was
inspected to ensure it was free of rocks, stumps, brush, or
other materials larger than 1-inch diameter. In addition, the pH
of the soil was confirmed to be within the recommended range
of 5.5 to 8.0 when initially installed. Water passing through the
engineered soil layer accumulated in the bottom storage layer,
which was a 1-ft-thick layer of well-graded, coarse aggregate
placed on top of an impermeable membrane (fig. 5). This layer
captured and temporarily stored the filtered stormwater
before draining into a 4-inch perforated underdrain pipe,
encased in filter fabric, and sloped at 0.5 percent increasing to
1.0 percent. A 4-inch, vertically oriented, rigid, nonperforated
standpipe was connected to the underdrain to serve as a clean-
out port. This standpipe was sealed with a waterproof cap and
extended 3 inches above the biofilter surface. The biofilter
underdrain was not cleaned out prior to the study.

A diverse mix of mature, native vegetation covered the
bottom and side slopes of the biofilter (table 2). Plugs were
used for the initial planting of vegetative species along the
sides, slopes, and bottom of the biofilter. To preserve the
integrity of the sloped surfaces and prevent erosion, a coconut
fiber mat was installed on the surface after construction.
Maintenance of deteriorating organic material in the biofilter
was done by annual burning or mowing, usually in spring,
to encourage healthy root growth and limit proliferation of
invasive species.

Measurement of Infiltration Rate

Infiltration tests were done using a Modified Philip-
Dunne infiltrometer (Ahmed and others, 2014). This device
was selected for ease of use, short duration, low water
consumption, and comparable results to the traditionally
utilized double ring infiltrometer (American Society of
Testing and Materials, 2025). Infiltration tests were done
in the fall of 2024 near the inlet, middle, and outlet of the
biofilter. Infiltration rates reported herein represent the mean
of the three measured locations.
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Figure 5. Schematic of biofilter cross-section detailing base and side slope dimensions, placement of coconut fiber mat and
impermeable membrane, ponding depth, and thickness of engineered soil media.

Table 2. List of species planted in the biofilter bottom, sides, and slopes.

Botanical name

Common name

Bottom of biofilter

Carex annectens
Helenium autumnale

Carex grayi

Yellowfruit sedge
Sneezeweed

Gray's sedge

Sides/slopes of biofilter

Asclepias tuberosa
Bouteloua curtipendula

Allium cernuum

Butterflyweed
Sideoats grama

Nodding onion

Statistical Analyses

The performance of the biofilter was based on a
calculated percentage change between paired inlet and outlet
pollutant loads from sampled events. Storm event loads at
each monitoring location were computed by multiplying the
EMC by event runoff volumes. EMCs for some pollutants
were below the detection limit as reported by the analytical
laboratory. A value of one-half the detection limit was used
as an estimate of the actual concentration when computing

summary statistics and event loads. The percentage change
between paired inlet and outlet loads represents the aggregated
pollutant removal capabilities (or lack thereof) of the biofilter.
Load data were first tested for normality by using
the Shapiro-Wilk test (Helsel and Hirsch, 2002).
Generally, data were not normally distributed in which case
differences between paired inlet and outlet concentrations and
loads were evaluated by use of the nonparametric Wilcoxon
signed-rank test (Helsel and Hirsch, 2002). All statistical tests
were initially done using a two-tailed test in which the null
hypothesis assumed that the central tendency of populations



for each group was not different. If the null was rejected, tests
were repeated using a one-tailed test to determine if the outlet
load was statistically greater or less than the inlet.

Correlation tests were done using Spearman’s rank test,
which is a nonparametric statistical test used to measure the
strength and direction of the monotonic relation between
two ranked variables (Helsel and Hirsch, 2002). This test
does not assume a linear relation and normal distribution.
The degree of correlation, represented by Spearman’s rank
correlation coefficient (p), moves from weak to strong as the
value of the coefficient increases. All statistical tests used a
95-percent confidence level unless otherwise noted.

Results and Discussion

A total of 19 paired inlet and outlet samples were collected
during the study period (June 2022—August 2024). Samples
were primarily collected during the spring, summer, and fall
months when precipitation was in the form of rain; however,
some samples collected in March and April represented runoff
from a combination of rainfall and snowmelt. A complete list of
paired event volume, peak discharge, concentration, load, and
precipitation characteristics are provided in a U.S. Geological
Survey data release (Selbig and Romano, 2026).

Hydrologic Performance

Of the 142 precipitation events from March through
November in 2022-24, 109 produced measurable runoff at the
inlet (Selbig and Romano, 2026). The biofilter consistently
demonstrated a high capacity to capture and store the entirety
of generated stormwater runoff volume for all but 42 events
(fig. 6). The volume of runoff at the inlet was strongly
correlated to precipitation depth and 60-minute intensity
(p=0.79; probability value [p-value] less than [<] 0.01 and
p=0.71; p-value<0.01, respectively), which are two factors
commonly associated with runoff from impervious surfaces.
Inlet and outlet volumes showed a strong positive correlation
as increasing volume of runoff entering the biofilter resulted in
more volume leaving (p=0.79; p-value<0.01). This correlation
can also be seen in figure 6 by the positive linear relation
between the inlet and outlet across a gradient of volumes.
Most runoff events were completely stored within the biofilter
with no infiltrated water reaching the underdrain, resulting in
a mean volume reduction of 86 percent (range from 11 percent
to 100 percent) for all 109 events (table 3). Mean volume
reduction decreased to 63 percent for the 42 events that
exceeded the infiltration rate (mean of 10.9 inches per hour)
and storage capacity of the biofilter, resulting in measurable
volume at the outlet. As shown in figure 6, little to no runoff
reaches the outlet until the inlet volume approaches 60 cubic
feet, which is equivalent to approximately 0.18 inch of rainfall
over the contributing roadway. There were no events that
exceeded the aboveground volumetric storage capacity of
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the biofilter; however, on at least one occasion, a faulty seal
allowed excess water in an adjacent biofilter to spill into the
monitored biofilter downstream of the inlet. This excess water
resulted in a larger volume of water measured at the outlet
that was unaccounted for at the inlet, as seen by a single point
above the line of equality in figure 6, and was subsequently
censored from summary statistics detailed in table 3.

Like volume, the biofilter attenuated peak discharge
passing through the inlet by storing and slowly releasing
excess volume to the underdrain. The mean value of peak
discharge at the outlet was 92 percent less (ranging from
28 percent to 100 percent) than the inlet across all 109 events
(table 3). As expected, the magnitude of peak discharge at the
outlet was positively correlated to volume and peak discharge
at the inlet (p=0.78; p-value<0.01 and p=0.71; p-value<0.01,
respectively). The buffering of peak discharge by the biofilter
is evident by the relative consistency of values measured at the
outlet compared to increasing values at the inlet (fig. 6).

These results highlight the biofilter's effectiveness in
attenuating stormwater flows and underscore the hydrologic
efficiency of biofilters as a green infrastructure practice.

By capturing, slowing, and infiltrating runoff, biofilters help
to mimic natural hydrologic processes in urban environments,
contributing to improved watershed health and resilience
against the effects of stormwater.

Comparison of Concentrations

The efficiency of GI is a measure of how well the system
removes pollutants. It is a metric based on the outlet water
quality rather than a percent reduction between inlet and outlet
locations, which can be misleading (Strecker and others, 2001).
For example, Trowsdale and Simcock (2011) observed a
95-percent reduction between the median concentration
of total zinc observed at the inlet and outlet of a biofilter,
yet outlet concentrations remained three times higher than
published water-quality guidelines. Additionally, the pollution
reduction performance of a biofilter may not consistently be
achieved if the inlet concentration of a pollutant is so low
that further reduction becomes unlikely (Strecker and others,
2001; Larm and Wahlsten, 2019). Therefore, a more holistic
approach to describing the efficacy of a biofilter, or other
infiltration-based GI practices, should include assessment of
outlet water-quality concentrations.

Concentrations observed at the inlet and outlet of the
biofilter are presented herein along with comparison to
previous studies and published water-quality guidelines.
EMC:s for most of the measured pollutants were not normally
distributed. Therefore, a comparison of medians, rather than
means, was more representative of the central tendency.
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Figure 6. Comparison of 109 event runoff volumes and peak discharge observed at the inlet and outlet of a biofilter in Milwaukee,
Wisconsin. A, Volume. B, Peak discharge. [p, Spearman’s correlation coefficient; p-value, probability value]

Table 3. Summary statistics for runoff volume and peak discharge from 109 storm events measured at the inlet and outlet of a biofilter

in Milwaukee, Wisconsin.

[f£3, cubic foot; ft3/s, cubic foot per second; in/hr, inch per hour]

Parameter Minimum Maximum Mean Median
Volume reduction (ft3) 17 174 91 76
Volume reduction (percent) 11 100 86 100
Peak discharge reduction (ft3/s) 0.01 0.21 0.09 0.07
Peak discharge reduction (percent) 28 100 92 100
Infiltration rate (in/hr) 10.8 16.0 13.1 12.6

Solids

The median inlet TSS concentration of 343 milligrams
per liter (mg/L) (table 4) was far greater than what had been
reported by Pitt and others (2018) for a composite of freeway
and industrial sites across the Nation (74 mg/L; n=967).

The high sediment load is likely a reflection of several
factors including the age and poor condition of the road
surface combined with high traffic use, remnants of residual
sand applied during winter months for vehicular traction,

and construction. Construction adjacent to the roadway

that drained to the biofilter appeared to be a considerable
contributor of sediment for a portion of the study period.
Construction began in the spring 2024 and continued
through the remainder of the study period, affecting 12 of the
19 paired samples collected as part of the study. The median
concentration of TSS prior to construction was 19 mg/L
compared to 453 mg/L after construction began.



Despite the high amount of solids transported from the

road surface, the biofilter was able to significantly reduce

TSS concentration by a factor of nearly 40 (fig. 7, table 4).
Compared to other studies, the median TSS concentration of
9 mg/L observed at the outlet was nearly identical to a median

Results and Discussion

of 10 mg/L reported from a composite of 685 samples from
41 other biofilter studies across the Nation (Clary and others,
2020; table 4). Of the 19 paired runoff events measured as part
of this study, only two had outlet concentrations above the
detection limit of 15 mg/L (Selbig and Romano, 2026).

Table 4. Summary statistics of 19 paired event mean concentrations for solids, nutrients, and major ions measured at the inlet and

outlet of a biofilter in Milwaukee, Wisconsin.

[All units in milligrams per liter; EPA, U.S. Environmental Protection Agency; Min, minimum; Max, maximum; COV, coefficient of variation; TSS, total
suspended solids; --, no data; <, less than; na, not applicable; |, outlet is significantly less than the inlet (probability value [p-value] <0.05); Ca, calcium;

1, outlet is significantly greater than the inlet (p-value<0.05); Mg, magnesium; Na, sodium; Br, bromide; X, outlet is not significantly different than the inlet
(p-value<0.05); TP, total phosphorus; DP, dissolved phosphorus]

1"

EPA Aquatic Life Clary and
Pollutant Criteria® Location Min Max Mean Median Change  COV others
Chronic Acute (2020)
TSS - - Inlet <15 1,332 286 343 na 1.0 44
Outlet <15 25 7.5 9 ) 0.5 10
Ca - - Inlet 4.36 169.60 39.08 46.49 na 0.88 -
Outlet 28.41 125.10 63.73 65.23 1 0.37 -
Mg - - Inlet 1.70 61.23 16.44 18.77 na 0.84 -
Outlet 4.53 29.89 10.03 10.90 ) 0.53 -
Na - - Inlet 0.50 30.36 1.18 3.18 na 2.11 -
Outlet 1.11 31.07 3.28 6.76 i 1.12 -
Br - - Inlet <0.01 0.03 <0.01 <0.01 na 0.80 -
Outlet <0.01 0.02 <0.01 <0.01 X 0.44 -
Chloride 230 860 Inlet 0.57 40.00 1.52 4.11 na 2.15 -
Outlet 0.51 15.87 2.82 4.55 X 0.94 -
TP 0.075b - Inlet 0.07 1.16 0.37 0.42 na 0.72 0.19
Outlet 0.06 0.19 0.12 0.12 ) 0.30 0.24
DP - - Inlet 0.02 0.10 0.04 0.05 na 0.47 0.13
Outlet 0.04 0.16 0.05 0.06 1 0.45 0.35
pH - - Inlet 7.11 8.61 7.93 7.80 na 0.06 -
Outlet 7.34 8.42 7.86 7.87 X 0.03 -

aU.S. Environmental Protection Agency, 2026.

bWisconsin numeric criteria for streams (Wisconsin Department of Natural Resources, 2025a).
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Figure 7. Median concentrations of solids, nutrients, and major ions observed at the inlet and outlet of a biofilter in

Milwaukee, Wisconsin.

Nutrients

The median TP concentration of 0.42 mg/L originating
from the road surface and observed at the inlet was more than
double the median value of 0.19 mg/L reported by Clary and
others (2020) but similar to values reported for residential
streets with high overhead tree canopy during summer
months where mean values ranged from 0.38 to 0.45 mg/L
(Selbig, 2016). Conversely, the median concentration of TP at
the outlet was one-half the value reported by Clary and others
(2020) (table 4). Variation in concentrations of TP delivered to
a biofilter could be due to differences in contributing land use,
vegetation, seasonality, or other drainage area characteristics.
Median concentrations of TP significantly decreased from
0.42 mg/L at the inlet of the biofilter to 0.12 mg/L at the
outlet, suggesting effective phosphorus retention and removal
mechanisms within the engineered soil (fig. 7, table 4).

This reduction aligns with previous studies that have reported
significant TP reductions in biofilters, such as Davis and
others (2003), who observed a 65-85-percent reduction in TP
in similar bioretention systems. Bratieres and others (2008)
further suggest biofilters can remove more than 80 percent of
TP, provided no organic matter is added to the filter media.

Concentrations of DP at the outlet were significantly
higher than the inlet indicating a shift in phosphorus specia-
tion resulting in export despite median values only showing
a slight increase from 0.05 mg/L at the inlet to 0.06 mg/L
(fig. 7, table 4). Phosphorus was primarily in the particulate
phase at the inlet, with DP averaging only 19 percent of TP.

Phosphorus was mainly in the dissolved phase at the outlet,
with DP averaging 55 percent of TP. This trend has been noted
in other studies where bioretention systems were found to
leach DP under certain conditions, particularly when compost
or other organic-rich media were used and duration of satura-
tion times increased (Hurley and others, 2017). Potential
causes of elevated DP concentrations at the outlet include
mineralization of organic matter, phosphorus desorption

from soil particles under saturated or anaerobic conditions,

or leaching from phosphorus-rich soil amendments (Hatt and
others, 2009). These findings underscore the importance of
carefully selecting soils that contain enough organic matter

to promote vegetation growth while limiting the amount of
phosphorus available for leaching, especially in areas where
phosphorus is a pollutant of concern. Further research is
needed to better understand the biogeochemical processes that
may differentially affect TP and DP removal in GI.

Major lons

Median concentrations of calcium (Ca), magnesium
(Mg), sodium (Na), and chloride varied between the inlet
and outlet of the biofilter, indicating different geochemical
and transport processes (fig. 7). Ca significantly increased
from 46.49 mg/L at the inlet to 65.23 mg/L at the outlet,
suggesting leaching or dissolution of calcium-bearing
minerals commonly associated with aggregates used in the
construction of asphalt roads as well as within the engineered
soils (table 4). In contrast, Mg significantly decreased from



18.77 mg/L to 10.90 mg/L, which may reflect adsorption or
precipitation processes (Khudair and others, 2024). Median
Na concentrations more than doubled, increasing from

3.18 mg/L at the inlet to 6.76 mg/L at the outlet, possibly
owing to ion exchange processes and the release of Na from
soil amendments. Median concentrations of chloride remained
relatively stable, with a slight increase from 4.11 mg/L to
4.55 mg/L, indicating limited retention or transformation
within the system. However, statistical comparison of inlet
and outlet concentrations showed chloride to be significantly
greater at the outlet than the inlet, which is evidenced by
mean concentrations that were nearly twice as high at the
outlet, although still well below chronic and acute thresholds
(table 4). These shifts suggest that although the system may
attenuate some ions, it may also contribute to increases in
others through subsurface geochemical interactions.

Metals

Total metals include particulate-bound and dissolved
fractions. Except for aluminum (Al), cadmium, iron (Fe), and
lead (Pb), all metal concentrations observed at the inlet were
below U.S. Environmental Protection Agency chronic or acute
water-quality thresholds for aquatic life (U.S. Environmental
Protection Agency, 2026) (table 5). Concentrations of total Pb
consistently exceeded the chronic threshold of 2.5 micrograms
per liter (ug/L) and twice exceeded the acute threshold of
65 ng/L. Similarly, total Fe frequently exceeded chronic
thresholds in 15 of the 19 runoff events, and total Al exceeded
acute thresholds in 9 events. Of these, only total Fe had a
single EMC exceed the chronic threshold at the outlet. The
Wilcoxon signed-rank test confirmed significant reductions
for total metals at the outlet except for arsenic (As), which
showed no statistical difference from the inlet and only a
minor increase between median and mean values (fig. 8,
table 5). Median concentrations at the outlet were comparable
to those reported by Clary and others (2020) despite having
appreciably higher inlet concentrations (table 5). In general,
median concentrations of particulate and dissolved metals for
the contributing roadway in Milwaukee were within the range
of values reported elsewhere across the country (Kayhanian
and others, 2007; Flanagan and others, 2018; Clary and others,
2020). Variation in characteristics of roadway runoff, when
directly generated from transportation activities, may be due to
historic anthropogenic factors (for example, leaded gasoline),
surrounding land use, or other environmental conditions.

Engineered soils typically associated with biofilters
are known to be efficient at removing the particulate-bound
portion of heavy metals, which are often associated with TSS
(Davis and others, 2003; Trowsdale and Simcock, 2011).
Although not tested as part of this study, most of the removal
of particulate metals has been shown to occur within the top
25 centimeters of biofilter media (Sharma and Malaviya, 2021).
When sampling only the top 5 centimeters of soil in 21 different
biofilters, Adhikari and others (2023) showed concentrations
of metals in soil near the inlet to be much higher than soil in
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an area that does not often get exposed to stormwater runoff.
They also determined metals accumulation in soils was not
related to age but rather to the amount of organic matter and
loading rate. Additional metal sequestration may come from
vegetation within the biofilter though Sharma and Malaviya
(2021) suggest limited uptake (1-3 percent) of metals bound
within the substrate. Reductions in particulate metals concentra-
tion, in some cases by more than an order of magnitude, support
soil-based biofilter media as an effective way to remove the
particulate fraction of heavy metals (table 5).

In contrast, the biofilter was unable to reduce metals
in the dissolved phase. Median concentrations for nearly all
dissolved metals were greater at the outlet than the inlet (fig. 8,
table 5). Al and vanadium were the only metals that did not
follow this pattern, showing modest but significant decreases
at the outlet. This pattern was replicated in similar studies
reported by Clary and others (2020), suggesting biofilters
are often less effective at removing the dissolved fraction of
metals, which are more mobile and less likely to be captured
by physical processes. The removal of dissolved metals relies
primarily on chemical processes such as adsorption and
reduction-oxidation dynamics (redox). These processes are
highly dependent on factors like pH, organic matter content,
and the cation exchange capacity of the filter media (Sharma
and Malaviya, 2021; Xin and others, 2025). For instance,
metals such as copper (Cu) and zinc can adsorb to negatively
charged mineral or organic surfaces, but this is often limited
under acidic or low-ionic-strength conditions typical of urban
runoff (Sansalone and Buchberger, 1997). Additionally, if
organic matter in the biofilter becomes saturated or begins to
degrade, it may release complexed metals back into solution,
reducing net removal efficiency. Anthropogenic factors can
also contribute to mobilization of dissolved metals, such
as changes in ion exchange owing to application of deicing
agents during winter months. Galella and others (2023)
determined increased chloride concentrations associated with
various road salt formulations had profound effects on metals
mobilization in infiltration-based GI. Similarly, Mullins and
others (2020) determined that road salt application in the
winter was shown to increase Pb and Cu concentrations at
the outlet of an infiltration trench. Thus, although biofilters
are effective at removing total metals via physical trapping,
optimizing the soil mixtures used in biofilters and limiting the
introduction of deicing materials are essential for targeting
dissolved metal fractions effectively.

Other anthropogenic factors contributing to export
of metals may include historical land use practices. In a
review of historical site operations to delineate and identify
potential soil and groundwater effects around the study area,
investigators noted the presence of refinery operations and rail
yards dating back to 1910 (Tory Kress, City of Milwaukee,
written commun., 2026). Although the primary concern for
potential contamination was volatile organic compounds and
polycyclic aromatic hydrocarbons, investigators also tested for
the presence of As. Results of a grab sample of groundwater
that pooled near the surface of an open excavation pit
revealed dissolved As concentration of 2.7 ug/L, which is



14 Urban Stormwater Treatment Using Biofiltration—Variable Performance Across Solids, Nutrients, Major lons, and Metals

higher than the preventive action limit of 1 pg/L (Wisconsin commun., 2024). Considering As concentrations of soils in
Department of Natural Resources, 2025b). Excavated soil the Milwaukee region are generally higher than other parts
during construction of the site was not repurposed as part of of Wisconsin (Stensvold, 2012), it is likely that soils used in

the soil media in the biofilter. The friable topsoil, constituting  the biofilter had background levels of As that contributed to
80 percent of the biofilter media, was most likely sourced from elevated values observed at the outlet.
a nearby “clean” construction site (Jay Karls, Ramboll, written
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Figure 8. Median concentrations of total and dissolved metals observed at the inlet and outlet of a biofilter in Milwaukee, Wisconsin.
Values are sorted by decreasing inlet concentrations.



Table 5. Summary statistics of event mean concentrations for select metals measured at the inlet and outlet of a biofilter in Milwaukee, Wisconsin.

[all units in micrograms per liter; EPA, U.S. Environmental Protection Agency; Min, minimum; Max, maximum; COV, coefficient of variation; Al, aluminum; na, not applicable; --, no data; |, outlet is significantly less than the inlet

(probability value [p-value] <0.05); Cd, cadmium; <, less than; 1, outlet is significantly greater than the inlet (p-value<0.05); Cr, chromium; X, outlet is not significantly different than the inlet (p-value<0.05); Co, cobalt; Cu, copper;

Fe, iron; Pb, lead; Mn, manganese; Ni, nickel; V, vanadium; Zn, zinc; As, arsenic]

EPA Aquatic Life Criteria? Total Dissolved
Clary Clary
Pollutant Location and and
Chronic Acute Min Max Mean Median Change cov others Min Max Mean Median Change cov others
(2020) (2020)
Al 0.63-3,200 14,800 Inlet 113.85 14,572.61 4,463.71 4,830.95 na 0.92 - 9.13 217.71 48.31 55.48 na 0.88 -
Outlet 35.43 458.21 167.22 211.17 ! 0.77 - 5.55 59.07 19.12 25.92 ! 0.57 -
Cd 0.72 1.80  Inlet <0.03 0.87 0.29 0.29 na 0.77 0.13 <0.03 0.10 <0.03 <0.03 na 0.83 0.03
Outlet 0.03 0.12 0.06 0.06 | 0.37 0.08 <0.03 0.11 0.05 0.05 1 0.44 0.07
Cr® - - Inlet 1.71 36.01 10.18 11.33 na 0.81 4.00 <0.05 4.08 1.09 1.22 na 1.01 0.61
Outlet 0.75 334 1.41 1.61 | 0.43 0.74 0.72 3.71 0.94 1.32 X 0.62 0.46
Co -- - Inlet 0.15 18.38 4.90 5.25 na 0.93 - <0.03 0.16 0.09 0.09 na 0.45 -
Outlet 0.16 1.85 0.42 0.57 | 0.87 - 0.10 1.71 0.19 0.39 1 1.18 -
Cu - --¢  Inlet 3.78 57.37 23.83 23.79 na 0.66 13.1 <0.40 5.30 2.69 2.81 na 0.42 6.85
Outlet 2.83 14.38 8.92 9.46 | 0.30 7.13 2.70 15.92 8.84 9.10 1 0.36 7.54
Fe 1,000 -- Inlet 248.00 27,410.00 7,724.00 7,989.74 na 0.91 556 8.9 74.4 28.3 33.0 na 0.51 -
Outlet 102.80 1283.00 448.30 457.05 1 0.67 595 43.7 555.0 88.8 140.8 1 1.00 -
Pb 2.5 65 Inlet 2.58 91.71 36.02 3591 na 0.72 5.70 0.07 0.44 0.20 0.20 na 0.42 0.09
Outlet 0.19 2.00 0.97 0.95 1 0.56 0.93 0.10 0.40 0.23 0.24 1 0.33 0.07
Mn -- -- Inlet 8.07 923.19 236.25 265.26 na 0.92 - 1.35 19.20 7.43 7.76 na 0.66 -
Outlet 6.02 218.54 27.05 48.35 1 1.31 - 1.13 202.20 15.31 38.14 1 1.61 -
Ni 52 470 Inlet 0.72 43.63 13.93 13.51 na 0.90 4.20 0.34 3.34 0.56 0.82 na 1.09 -
Outlet 1.37 4.79 3.04 3.26 1 0.27 2.80 1.46 17.65 2.90 3.70 1 0.94 -
\% 1204 -- Inlet 0.91 41.90 10.15 11.51 na 0.97 - 0.29 5.66 1.03 1.74 na 0.84 -
Outlet 0.66 1.88 1.24 1.22 | 0.21 - 0.59 1.18 0.84 0.83 | 0.16 -
Zn 120 120 Inlet 24.10 363.28 115.03 127.13 na 0.68 62.0 <2.0 21.44 2.54 6.05 na 1.06 20.8
Outlet 8.39 27.76 14.35 15.50 | 0.33 12.8 6.06 25.43 11.31 12.40 1 0.40 12.5
As 150 340 Inlet 0.10 6.21 1.85 1.85 na 0.86 1.31 <0.01 1.09 0.33 0.38 na 0.76 -
Outlet 1.37 3.11 1.93 2.06 X 0.28 1.60 1.13 3.04 1.88 1.90 1 0.26 -

aU.S. Environmental Protection Agency, 2026.

bValues reported from lab are for total chromium and do not speciate between Cr III and Cr VI.

Values will be different under differing water chemistry conditions.

dEnvironment and Climate Change Canada, 2016.

10 pue s)nsay

uoissnasi

Gl



16 Urban Stormwater Treatment Using Biofiltration—Variable Performance Across Solids, Nutrients, Major lons, and Metals

Comparison of Loads

Calculated loads can be evaluated on an event-by-event
basis to better understand the dynamic relation among event-
based hydrology, pollutant transport mechanisms, and changing
climate characteristics, or evaluated cumulatively to dampen
interevent variability and offer insight into the overall pollution
reduction. Performance results presented herein represent the
percent change between the sum of the 19 paired inlet and outlet
pollutant loads. Individual, event-based performance metrics are
available in Selbig and Romano (2026).

Solids, Nutrients, and Major lons

The percent change between the cumulative pollutant
load for TSS, TP, DP, and major ions measured at the inlet and
outlet, where positive values indicate removal and negative
values indicate export, are summarized in table 6. Individual
event-based results are presented in figure 9. The biofilter was
highly effective at removing TSS and TP, with reductions of
99 percent and 86 percent, respectively. These high removal
efficiencies are consistent with previous studies showing that
biofilters efficiently removed particulate-bound pollutants
through sedimentation and filtration (Davis and others, 2003;
Hatt and others, 2009; Trowsdale and Simcock, 2011).

There were no events that had a higher load of TSS leaving
the biofilter than entering (fig. 9). DP similarly showed an
overall decrease in load at the outlet despite having concentra-
tions that were significantly greater than the inlet (table 4).
Because runoff volume at the outlet was much lower than
the inlet, an overall reduction in DP load was observed but

at a much lower percentage (24 percent) compared to TP

(86 percent). Retention of DP can be a common limitation of
biofilters. The most common cause of phosphorus release is
from organic-rich compost in the soil media (Hatt and others,
2007; Hurley and others, 2017).

Compost is often necessary to provide a source of
nutrients for vegetation. As a result, biofilters that use excess
amounts of compost relative to sand or other additives can
become a source rather than a sink for DP. Only 5 percent of
the soil media used in the biofilter was classified as compost,
which is considerably less than the suggested amount of
15-30 percent compost specified by the State of Wisconsin
(Wisconsin Department of Natural Resources, 2025c).

Such a low percentage of compost should limit the amount of
nutrients available for leaching into runoff that may exfiltrate
from the biofilter but not eliminate it completely. The source
of compost (for example, yard waste or food residue) could
also influence DP release rates (Erickson and others, 2022).

An additional source of nutrients may have been
friable topsoil used as part of the soil mixture in the biofilter
(80 percent). Friable topsoil is generally rich in organic matter
making it ideal for plant growth but also a potential source of
leachable DP. In a study of 10 mesocosms containing different
mixtures of soil media, Erickson and others (2014, 2022)
showed the amount of DP released from soil increases

with increasing percentages of compost, regardless of type.
They also note replacing phosphate-rich compost with select
additives, such as iron filings, can result in net DP capture
instead of release. However, when subjected to high concen-
trations of Na (related to road salt application during winter
months), mesocosms with select types of compost increased
export of DP by a factor of two. Results from these studies
suggest road salt application in the Milwaukee metropolitan
area may have played a role in reduced capture and retention
of DP in the monitored biofilter. Na was the only major

ion with net export, as indicated by a negative percentage
change (table 6). Despite having a higher median and mean
value of Na at the outlet compared to the inlet, results of the
Wilcoxon signed-rank test showed no statistical difference
between the two sampling locations (table 7). A lack of
significant difference between the inlet and outlet is likely due
to the seasonal nature of road salt application. The two highest
Na loads for events measured at the inlet occurred in March
(Selbig and Romano, 2026), which is a period when early
spring rain can combine with snowmelt to produce high Na
and chloride concentrations in stormwater runoff. The outlet
from these two events created more than one-half of the total
cumulative Na load measured from the biofilter.

Even with an overall increase in Na load at the outlet,
chloride load decreased by 24 percent (table 6), though
differences between the inlet and outlet were not statistically
significant (p-value=0.21). Biofilter soils rich in organic matter
or clay minerals can undergo cation exchange reactions.

In these reactions, Na ions are released from soil exchange
sites in response to the introduction of other cations, such as
Ca and Mg in stormwater. Both Ca and Mg were observed

in abundance at the inlet; however, only Mg showed
decreasing concentrations at the outlet, whereas Ca, like Na,
increased (table 4, fig. 7). Cation displacement can therefore
effectively increase Na in biofilter effluent even if input from
the stormwater itself is low (Roy-Poirier and others, 2010).
Seasonal factors may have also contributed to the timing of
Na displacement. Concentrations of Na may have accumulated
in the biofilter soils during winter road salt application and
subsequently flushed later in spring resulting in concentrated
pulses of Na during snowmelt or early rainfall events.
Chloride, being a more conservative analyte, may have already
passed through or been diluted by the time Na was released.
For example, an early spring snowmelt event on April 1, 2024,
resulted in high export of Na and chloride (—359 percent

and —365 percent, respectively) (Selbig and Romano, 2026).
The next sampled rainfall event on May 7, 2024, resulted in
modest reduction in chloride (55 percent) but only minor
reduction in Na (7 percent). There were seven runoff events
between April 1 and May 7, 2024, that were not sampled
that may have contributed to accelerated flushing of chloride
relative to Na.
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Table 6. Removal efficiency based on the cumulative load of 19 paired events for select solids, major ions, nutrients, and metals at the

inlet and outlet of a biofilter in Milwaukee, Wisconsin.

[All values rounded to the nearest whole number except for dissolved cadmium; TSS, total suspended solids; TP, total phosphorus; DP, dissolved phosphorus;
Ca, calcium; Mg, magnesium; Na, sodium; Br, bromide; <, less than; Al, aluminum; Cd, cadmium, Cr, chromium; Co, cobalt; Cu, copper; Fe, iron; Pb, lead;
Mn, manganese; Ni, nickel; V, vanadium; Zn, zinc; As, arsenic]

Pollutant Units Inlet Outlet Percent change?
Solids
TSS Grams 42,354 555 99
Nutrients
TP Grams 46 6 86
DP Grams 4 3 24
Major ions
Ca Grams 5,424 4331 20
Mg Grams 2,141 790 63
Na Grams 336 534 -59
Br Grams <1 <1 51
Chloride Grams 442 335 24
Total metals
Al Milligrams 555,750 14,405 97
Cd Milligrams 31 3 89
Cr Milligrams 1,265 90 93
Co Milligrams 610 41 93
Cu Milligrams 2,527 486 81
Fe Milligrams 923,261 31,653 97
Pb Milligrams 3,757 60 98
Mn Milligrams 31,184 3,894 88
Ni Milligrams 1,564 189 88
\Y% Milligrams 1,345 75 94
Zn Milligrams 12,615 870 93
As Milligrams 218 125 43
Dissolved metals
Al Milligrams 6,053 1,490 75
Cd Milligrams 2.8 3.1 -8
Cr Milligrams 101 67 33
Co Milligrams 10 30 —204
Cu Milligrams 254 446 =76
Fe Milligrams 3,472 10,428 -200
Pb Milligrams 19 14 27
Mn Milligrams 778 3,345 —330
Ni Milligrams 81 179 —-120
v Milligrams 200 49 75
Zn Milligrams 474 656 —38
As Milligrams 43 118 -175

2Positive values indicate removal and negative values indicate export from the biofilter.
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Summary statistics of calculated loads for solids, nutrients, and major ions measured at the inlet and outlet of a biofilter in

[All units in grams; Min, minimum; Max, maximum; COV, coefficient of variation; TSS, total suspended solids; na, not applicable; |, outlet is significantly
less than the inlet (probability value [p-value] less than 0.05); Ca, calcium; X, outlet is not significantly different than the inlet (p-value less than 0.05);
Mg, magnesium; Na, sodium; Br, bromide; TP, total phosphorus; DP, dissolved phosphorus]

Pollutant Location Min Max Mean Median Change cov
TSS Inlet 17.13 12,132.17 1,147.70 2,226.84 na 1.33
Outlet 3.19 143.73 14.51 26.72 l 1.23
Ca Inlet 12.20 1,544.76 155.78 285.18 na 1.30
Outlet 13.56 1,103.47 101.38 206.83 X 1.24
Mg Inlet 3.90 557.70 56.09 112.59 na 1.25
Outlet 1.98 263.65 16.16 38.31 l 1.56
Na Inlet 1.59 165.73 5.13 17.66 na 2.13
Outlet 0.68 199.60 5.70 23.85 X 1.98
Br Inlet 0.01 0.16 0.04 0.04 na 0.90
Outlet 0.00 0.14 0.01 0.02 | 1.58
Chloride Inlet 1.40 218.35 6.70 23.22 na 2.12
Outlet 0.59 101.92 4.83 15.15 X 1.78
TP Inlet 0.17 10.55 1.65 242 na 1.04
Outlet 0.03 0.80 0.23 0.30 l 0.77
DP Inlet 0.05 0.45 0.25 0.23 na 0.50
Outlet 0.01 0.44 0.13 0.16 ! 0.77

Metals metals (Davis and others, 2003; Adhikari and others, 2023).

The biofilter demonstrated strong removal of the
particulate fraction for most metals. Of the 12 metals tested,
the particulate form of As had the lowest, but still positive,
load reduction at 43 percent, whereas all other metals
exceeded 80-percent reduction (table 6). A combination
of lower concentrations at the outlet coupled with lower
effluent volumes resulted in loads that were statistically less
than the inlet for all measured particulate metals (table 8,
fig. 10). In contrast, dissolved metal removal was more
variable, with some metals showing significant export from
the system (fig. 11). For example, cobalt, Fe, manganese
(Mn), nickel, and As all showed negative percent change
greater than 100 percent, indicating that the biofilter was
a likely source of these metals rather than a sink (table 6).
Cadmium, Cu, and zinc also had negative percent change
but to a lesser degree. Export of metals could potentially be
due to saturation of adsorption sites or complexation with
dissolved organic carbon that increases mobility; however,
dissolved organic carbon was not measured as part of this
study to substantiate this claim. Al, chromium, Pb, and
vanadium had positive percent change, indicating overall
capture of these dissolved metals. The largest export of
dissolved metals was Mn (—330 percent). Export of dissolved
metals from the biofilter can occur owing to desorption from
soil media under changing redox or pH conditions or from
the dissolution of previously retained particulate-bound

Metals like Fe and Mn are particularly redox sensitive

and may dissolve under reducing conditions that can
develop in waterlogged or organic-rich zones of the media
(Blecken and others, 2010). In a study of seasonal influences
on metal retention in roadside bioswales, Mullins and others
(2020) determined increases in dissolved Fe and Mn were
related to reducing environments during the summer. Further
testing of soils deeper in the biofilter are needed to confirm
the presence of seasonally induced changes in oxidation.

Implications for Urban Stormwater
Management

Biofilters are effective tools to reduce the hydrologic
effects of stormwater runoff by reducing volume and
peak discharge rates. When designed with adequate
storage capacity and maintained to optimize infiltration,
biofilters allow a substantial portion of incoming runoff to
percolate into underlying soils or be taken up by vegetation,
rather than being conveyed directly to sewer networks.
This not only reduces the total volume of runoff leaving
a site but also attenuates peak flows, helping to mimic
pre-development hydrology. This attenuation is important
to reduce the risk of downstream flooding, especially in
urban catchments with high impervious cover. It can also
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limit volumetric contributions to sewer collection systems,
which can be a critical component in prevention of combined
sewer overflows, a primary goal of MMSD’s GI plan
(CH2MHILL, 2013).

In addition to management of stormwater runoff
volume, biofilters have become a widely adopted stormwater
control measure to effectively capture and treat pollutants
associated with urban runoff. Biofilters and other infiltration-
based GI have consistently demonstrated effective removal
of TSS and particulate-bound pollutants (for example, phos-
phorus and metals) through a combination of sedimentation
and filtration (Davis and others, 2003; Hatt and others, 2009;
Clary and others, 2020). Source control of sediment on
streets through targeted street sweeping can be an effective
solution to limit delivery of excess sediment in runoff
(Selbig and Bannerman, 2007); however, the biofilter continued
to demonstrate effective removal of TSS even under high
loading conditions contributed by nearby construction activity.

By adhering to sediment particles, pollutants are
effectively trapped by the physical filtering mechanisms
within the biofilter media. However, the performance of
biofilters in removing dissolved-phase pollutants, particularly
DP and dissolved metals, is often inconsistent or poor.

These dissolved constituents are not readily captured by
physical filtration and instead require chemical sorption or
plant uptake, which are processes that may be insufficient
with certain formulations of engineered media. Dissolved
metals can also remain mobile in stormwater owing to their
complexation with organic matter (for example, compost)

or inadequate binding to filter media (Sun and Davis,

2007). Release of dissolved-phase pollutants can increase
when biofilters are subjected to high concentrations of Na
and chloride from winter deicing application. Elevated
concentrations of Na can displace nutrient-binding cations
such as Ca, Mg, and Fe on soil exchange sites, leading to the
mobilization of previously adsorbed nutrients, particularly
phosphorus (Novotny and others, 2009). This ion exchange
process can reduce the biofilter capacity to retain phosphorus
and may even cause net export under certain conditions.

Moreover, high chloride levels can increase the solubility
and mobility of metals through changes in ionic strength and
complexation reactions, further diminishing the retention
efficiency. In cold climates where deicing practices are
common, these effects highlight the importance of selecting
biofilter media with high cation exchange capacity and
resistance to salt-induced degradation. Use of salt-tolerant
vegetation may also increase survivability of runoff events
containing high Na concentration. Additionally, managing
deicing application rates may help preserve treatment
performance. Other lesser explored options include incorpo-
rating design features that allow for bypass of runoff, either
active or passive, during high-salt runoff periods.

Although biofilters are valuable tools for reducing
sediment and particulate pollutant loads, their limitations
with dissolved pollutants limit the ability to attain water-
quality goals such as total maximum daily loads for nutrients
and metals, especially in urban watersheds where DP and
metals contribute to downstream impairments. To address
this shortfall, stormwater managers may need to consider
using alternative design features such as soil amendments
that bind dissolved nutrients and metals, allow for vegetation
to flourish, and are cost-effective. Recent research suggests
zero valent iron, activated alumina, water treatment
residuals, and biochar may be viable solutions for enhanced
phosphorus binding in biofilters (Erickson and others, 2014;
Erickson and others, 2022; Ali and Pickering, 2023). As new
formulations of adsorptive materials continue to evolve, it is
important to validate performance through laboratory column
and field testing. Alternatives to structural controls such as
source reduction measures (for example, street cleaning) can
also reduce the amount of particulate and dissolved-phase
pollutants available for transport in stormwater runoff
(Selbig, 2016). Adaptive strategies that identify sources of
pollutants distributed throughout the watershed coupled
with continued advancement in biofilter design are essential
to ensure long-term treatment efficacy of biofilters across a
broad spectrum of pollutants.



Table 8. Summary statistics of calculated loads for select metals measured at the inlet and outlet of a biofilter in Milwaukee, Wisconsin.

[all units in milligrams; Min, minimum; Max, maximum; COV, coefficient of variation; Al, aluminum; na, not applicable; |, outlet is significantly less than the inlet (probability value [p-value] less than [<]
0.05); Cd, cadmium; --, no data; X, outlet is not significantly different than the inlet (p-value<0.05); Cr, chromium; Co, cobalt; Cu, copper; 1, outlet is significantly greater than the inlet (p-value<0.05); Fe, iron;
Pb, lead; Mn, manganese; Ni, nickel; V, vanadium; Zn, zinc; As, arsenic]

Pollutant Location Total Dissolved
Min Max Mean Median Change cov Min Max Mean Median Change COV
Al Inlet 260.00 132,730.80 21,612.48 29,215.84 na 1.16 24.37 853.64 248.64 318.17 na 0.89
Outlet 18.41 2,634.42 326.09 650.31 l 1.21 7.10 336.68 42.18 70.79 l 1.19
Cd Inlet 0.08 5.39 1.00 1.62 na 0.98 0.02 0.80 0.12 0.15 na 1.17
Outlet 0.02 0.33 0.12 0.16 l 0.73 0.01 0.62 0.07 0.15 X 1.04
Cr Inlet 491 327.98 39.56 66.53 na 1.18 0.05 16.19 4.38 5.32 na 1.06
Outlet 0.28 12.03 3.13 422 l 0.83 0.20 10.21 3.06 3.20 X 0.80
Co Inlet 0.33 167.38 23.07 32.06 na 1.26 0.03 1.28 0.46 0.51 na 0.68
Outlet 0.10 10.49 0.62 1.98 ! 1.46 0.02 7.97 0.37 1.43 X 1.63
Cu Inlet 9.78 493.18 83.48 132.86 na 0.96 1.67 23.84 13.85 13.34 na 0.47
Outlet 2.21 52.41 19.65 22.98 l 0.70 221 44.04 20.61 21.06 1 0.65
Fe Inlet 566.37 24,9656.80 35,097.88 48,537.82 na 1.23 40.56 445.52 114.20 182.52 na 0.72
Outlet 128.68 7,376.48 724.05 1,469.86 ! 1.29 1712 2,704.52 118.36 504.62 1 1.52
Pb Inlet 5.90 663.19 129.86 197.52 na 0.97 0.40 2.41 0.79 0.99 na 0.54
Outlet 0.23 8.16 1.59 2.62 l 0.96 0.06 1.73 0.45 0.63 X 0.81
Mn Inlet 18.43 8,408.59 1,180.76 1,639.47 na 1.25 3.09 152.75 27.99 40.88 na 0.90
Outlet 4.48 1,187.12 31.08 188.55 l 1.76 0.75  1,119.28 19.17 163.06 X 1.90
Ni Inlet 1.65 397.37 53.59 82.22 na 1.19 0.67 18.82 3.20 4.28 na 1.07
Outlet 0.69 27.42 5.62 8.89 l 0.84 0.55 21.04 7.68 8.52 1 0.74
\% Inlet 2.08 381.66 47.31 70.73 na 1.30 0.67 51.54 7.01 10.50 na 1.17
Outlet 0.32 10.82 2.44 3.56 ! 0.88 0.19 7.55 1.69 2.35 ! 0.85
Zn Inlet 55.05 1,983.08 598.16 663.16 na 0.80 3.43 102.95 9.87 24.95 na 1.07
Outlet 3.84 114.59 27.37 40.38 l 0.81 2.33 79.91 2491 30.77 X 0.76
As Inlet 0.29 56.59 7.30 11.46 na 1.22 0.03 9.92 1.92 2.26 na 1.07
Outlet 0.33 17.48 3.73 5.99 ! 0.89 0.27 14.52 3.54 5.65 1 0.88
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Summary

The U.S. Geological Survey, in cooperation with the
Milwaukee Metropolitan Sewerage District, evaluated the
performance of a biofilter installed at Green Tech Station in
Milwaukee, Wisconsin, between 2022 and 2024. The biofilter
was designed to treat stormwater runoff from an industrial
roadway and was constructed using conventional engineering
practices and soil media mixtures. The primary objective
of the study was to assess the treatment capabilities of a
biofilter receiving stormwater runoff from a roadway in
an industrial corridor. Changes in stormwater volume and
peak discharge were evaluated at the inlet and outlet of the
biofilter as well as pollutant concentrations and loads for
solids, nutrients, major ions, and metals.

Results showed that the biofilter consistently provided
substantial hydrologic benefits. Mean runoff volume was
reduced by 86 percent and peak discharge by 92 percent,
demonstrating its effectiveness in lessening the burden of
stormwater on downstream infrastructure. The biofilter was
similarly capable of capturing and retaining particulate-bound
pollutants. Based on the cumulative load from 19 paired
events, total suspended solids loads were nearly eliminated,
with a 99-percent reduction, whereas total phosphorus loads
decreased by 86 percent. Similarly, most particulate metals
were reduced by more than 80 percent, with the exception
being total arsenic.

Performance for dissolved pollutants was more variable.
Concentrations of dissolved phosphorus were frequently
greater at the outlet compared to the inlet, reflecting a shift
from particulate to dissolved forms within the filter media.
Several dissolved metals, including manganese, nickel, iron,
and arsenic, also showed net export. These outcomes are
likely tied to the organic-rich composition of the soil media,
reduction-oxidation dynamics conditions that mobilize
certain elements, and seasonal applications of deicers on
the contributing roadway. Sodium in particular showed
evidence of export, even when chloride loads remained stable,
suggesting cation exchange processes and delayed flushing
related to winter deicing practices.

Results from this study highlight the strengths
and limitations of conventional biofilter designs.

Although biofilters are valuable tools for reducing runoff
volume and particulate pollutants, their ability to consistently
capture dissolved nutrients and metals was limited.
Improvements may be achieved using advanced soil media
mixtures with lower organic content and higher capacity

to adsorb dissolved constituents. Other factors that may
improve pollutant reduction performance include careful
management of vegetation and strategies to mitigate the
effects of road salt.
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