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ABSTRACT: Road runoff to streams and rivers exposes aquatic
organisms to complex mixtures of chemical contaminants. In
particular, the tire-derived chemical 6PPD-quinone (N-(1,3-
dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone) is acutely
toxic to several species of salmonids, which are critical to fisheries,
ecosystems, and Indigenous cultures. We therefore urgently
require interventions that can reduce loadings of 6PPD-quinone
to salmonid habitats. Herein, we conducted a spike and recovery
experiment on a full-scale, mature bioretention cell to assess the
efficacy of stormwater green infrastructure technologies in
reducing 6PPD-quinone loadings to receiving waters. We then
interpreted and extended the results of our experiment using an
improved version of the “Bioretention Blues” contaminant
transport and fate model. Overall, our results showed that stormwater bioretention systems can effectively mitigate >∼90% of
6PPD-quinone loadings to streams under most “typical” storm conditions (i.e., < 2-year return period). We therefore recommend
that stormwater managers and other environmental stewards redirect stormwater away from receiving waters and into engineered
green infrastructure systems such as bioretention cells.
KEYWORDS: bioretention, stormwater, 6PPD-quinone, trace organic contaminants, fate models, green infrastructure, salmonids

■ INTRODUCTION
Road runoff to creeks, streams, and rivers exposes aquatic
organisms to complex mixtures of chemical contaminants.
Salmonids are anadromous or freshwater fish species that are
frequently found in waters that receive road runoff. Wild or
farmed salmonids are found in temperate waters around the
globe and make up ∼18% of global fisheries and aquaculture
trade.1 Salmonids are particularly important along the Pacific
coast of North America, where they are keystone species of
critical importance to many ecosystems2 and Indigenous
cultures.3,4

This cultural, ecological, and economic importance means
that in many areas managing threats to salmonid populations is
important to maintaining socio-ecologically healthy aquatic
environments. In streams in the U.S. Pacific Northwest,
exposure to road runoff has been linked to the prespawn
mortality of 40−90% of returning coho salmon (Oncorhynchus
kisutch).5 For coho salmon, the primary toxicant in road runoff
was recently discovered to be the compound 6PPD-quinone
(N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine-qui-
none), which is produced as a transformation product when
atmospheric ozone reacts with 6PPD, an antiozonant tire

additive.6 6PPD-quinone has been found at toxicologically
relevant levels in many urban streams across North
America,7−9 and in road dust in Japan,10 and further research
has shown that a number of other salmonid species are
impacted at environmentally relevant concentrations of 6PPD-
quinone.11−13 6PPD-quinone toxicity is an area of evolving
research, with results indicating that juvenile salmon are also
very sensitive to 6PPD-quinone exposure,14 that toxicity is not
consistent among aquatic organisms, and that the modes of
toxicity are not fully understood.15

We therefore urgently require interventions that can reduce
loadings of 6PPD-quinone to salmonid habitats, particularly in
urban areas along the Pacific coast of North America where
sensitive populations and high loadings coincide. Regulators
are currently assessing alternatives to 6PPD in car tires, but the
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development and adoption of alternatives, including the
replacement of the current in-use stock of tires, will likely
take many years.16 For instance, the California (USA)
Department of Toxic Substances Control has proposed listing
motor vehicle tires containing 6PPD as a “priority product”,
which would require labeling and alternatives assessments by
manufacturers, but would not ban its use. The Washington
State (USA) Department of Ecology investigated alternatives
to 6PPD, but concluded that it was difficult to determine if any
alternative would be safer than 6PPD.17

Previous research suggests that bioretention systems or “rain
gardens”,18,19 a type of “green infrastructure”, or “low impact
development”20,21 technology, could be effective at reducing
6PPD-quinone loadings to urban streams. First, the phys-
icochemical properties of 6PPD-quinone indicate that it could
be partially captured by soil sorption.22 Further, in studies
conducted before 6PPD-quinone was discovered as the
primary causal toxicant in stormwater runoff, McIntyre et
al.23 and Spromberg et al.24 found that stormwater filtered
through laboratory-scale bioretention columns protected coho
salmon from the acutely lethal effects of stormwater runoff.
However, in a field-scale bioretention system preferential flow
paths, differing loading patterns, and other factors can
substantially impact bioretention system performance.25,26

Herein, we conducted a 6PPD-quinone spike and recovery
test on a full-scale bioretention cell in Vancouver, Canada. We
interpreted and extended our analysis using the Bioretention
Blues model of organic contaminant fate in bioretention
systems.22 The goals of our study were to (A) Experimentally
assess the effectiveness of mature bioretention systems for
reducing the discharge of 6PPD-quinone, (B) model the
performance of bioretention systems for removing 6PPD-
quinone under different hydrological conditions, and (C)
model dominant processes in 6PPD-quinone fate in bio-
retention systems and determine gaps in our understanding of
those processes.

■ METHODS
Study Site. The studied bioretention system is located on

the northeast corner of Pine and eighth Streets in Vancouver,
Canada. It was constructed in summer 2021 and planted in fall
2021. The system area is 22 m2, the contributing drainage area
is 694 m2, ponding depth is 15 cm, media depth is 45 cm with
a layer of mulch on the surface, and the unlined bottom
contains an underdrain wrapped in clear crush gravel and
geotextile. Figures S1 and S2 show engineering drawings of the
system, and SI section S1.1 gives additional site details.
Experimental Protocol. Our spike and recovery experi-

ment was designed to represent the largest rainfall event that
did not cause the system to overflow. We followed the
experimental framework of Gu et al.27 with some modifica-
tions. First, we conducted a “spike” test where chemicals
(including 6PPD-quinone, bromide and rhodamine-WT) were
added to the system while water was pumped from a water
truck on July 28th, 2022. To assess whether 6PPD-quinone
would be remobilized by rain events with small antecedent dry
periods, we conducted a “flushing” test, where ∼13m3 of water
but no chemicals were added (Figure 1C) on August third,
2022. We took effluent samples from the system’s underdrain
at a frequency of ∼5−20 min for a total of 28 effluent and
triplicate spike mixture samples during the spike test and 17
effluent samples during the flushing test. Further details are
available in SI S1.2. Measured concentrations for 6PPD-

quinone, rhodamine-WT, and bromide, measured flow rates
and other water quality parameters (temperature, pH, and
conductivity), the version of the Bioretention Blues model
used here, and all input model parametrization files (including
an EPA-SWMM model of the catchment) can be found in our
data repository28 and from the cofirst author’s GitHub page.29

Sample Extraction and Analysis. We quantified 6PPD-
quinone by extracting the water samples using off-line solid-
phase extraction (SPE), and analyzed 1 mL of well-mixed
extract using an Agilent 1200 series high-performance liquid
chromatography (HPLC) system and a 6410 triple quadrupole
mass spectrometer (Agilent Technologies, CA, USA). Full
details on the sample extraction and analysis are discussed in
the SI (Section S1.3 and Table S1). We measured the
concentrations of the bromide and rhodamine-WT tracers
using ion chromatography (Dionex Aquion, Thermo Scientific,
Ontario, Canada) and UV/vis spectroscopy (Unicam UV 300,
Thermo Spectronic, USA), respectively.
Quality Assurance and Quality Control. We collected

six field blanks, four background samples from the water truck,
and two field duplicate samples. We created three additional
duplicates by subsampling the volumes collected in the field.
When analyzing our results, we replaced values below the
MDL with half the MDL. We defined the method detection
limit (MDL) as the mean field blank level plus either the 99 or
the 98% confidence interval from the field blanks (Table S2).
Model Development, Parametrization, and Calibra-

tion. We developed an updated version of the Bioretention
Blues22 model (Figure 1C) to help interpret the spike and
recovery experiment and to extend our results to conditions
and design configurations beyond those observed during the
experiment (see SI S1.4 for full details).
We parametrized the updated Bioretention Blues model to

represent the bioretention system at Pine and eighth St. in
Vancouver, Canada. We calibrated the model hydrology using
the Kling-Gupta efficiency (KGE)30 between the measured
and modeled outflows, and contaminant behavior using the
conservative bromide and the sorptive rhodamine-WT tracers
(full details in SI S1.4). We did not calibrate any parameters
for 6PPD-quinone. We estimated the partition coefficients for
6PPD-quinone using BIOVIA COSMOtherm (version
21.0),31−34 the estimated values for log KOC of 3.14 and the
octanol−water partition coefficient (log KOW) of 4.12 are both
close to experimental values of 3.2−3.5, for log KOC in road
dust,10 and 4.3 for log KOW.

35 We linearly interpolated the
concentrations and flow rates between observations to
generate a higher temporal resolution data set to use as inputs
to the model (see additional parametrization details in SI
S1.4).
Model Application. First, we modeled the spike and

recovery experiment, using the fit between the measured and
modeled values to evaluate the model, and the model outputs
to help interpret the experimental results. Then, we used the
model to extend our analysis and evaluate how a “typical”
bioretention cell,18 represented by our system, would perform
in reducing loadings of 6PPD-quinone to receiving bodies. We
simulated single event time-series for 28 design storms across
the intensity-duration-frequency (IDF) curves used by the City
of Vancouver, and for a continuous simulation across a
synthetic “average” water year used by the City of Vancouver
that contains less intense events (see SI Section S1.5 for full
details, Table S3 shows the rainfall intensities for the IDF
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events and our data repository28 contains the complete time-
series used as inputs to the model).
We defined the “performance” of the system as its ability to

reduce mass loadings and effluent concentrations of 6PPD-
quinone. We assessed the “direct effluent” as the proportion of
the influent mass that was released to the sewer network,
through the underdrain or by overflowing. We defined the
flow-weighted mean effluent concentration (MEC, ng L−1) as
the direct effluent mass of 6PPD-quinone divided by the total
water volume entering the sewer network. We also calculated
the acute risk quotient (RQ)36 using the LC50 for adult coho
salmon of 95 ng L−1.9 We note that an LC50 of 41 ng L−1 was
recently reported by Lo et al.14 for juvenile Coho salmon, using
this value would increase all of the reported RQs by 2.3 times.
We used the RQ to calculate an average (RQav) based on the
MEC. An RQav > 0.5 indicates a “high” risk, 0.1 ≤ RQav ≤ 0.5
the potential for acute risk, and 0.05 ≤ RQav ≤ 0.1 the
potential for acute risk to endangered species.36

■ RESULTS AND DISCUSSION
Our results indicate that bioretention systems can effectively
reduce 6PPD-quinone loadings in urban runoff. Despite the
short hydraulic residence time (peak effluent concentrations
were observed ∼3−11 min after injection), our experimental
results showed substantial mass and concentration reductions
to the effluent for 6PPD-quinone. The observed flow rates
(Figure 1a) indicated that water infiltrated rapidly into the
studied system and then exfiltrated to the surrounding soil.
The bromide tracer (Figure 1b, orange) peaked within ∼5

min and was flushed from the system in under an hour,
exhibiting a right-skewed distribution. By contrast, the sorptive
rhodamine-WT tracer peaked after ∼3 min (Figure 1b, blue),
but then had a long tail of continued detectable concentrations.
This indicates that rhodamine-WT sorbed to the soil during
the initial spike and then desorbed back into the flowing water.
For 6PPD-quinone (Figure 1c), the experimental results
indicated a mass reduction of ∼95% to the underdrain. The
peak effluent concentration of ∼150 ng L−1 was substantially
lower than the influent spike mixture concentration of ∼4300
ng L−1, partially because the spike mixture was immediately
diluted with injection water. Notably, there was a 7 min period
where the concentration of 6PPD-quinone was above the LC50
of coho salmon (95 ng/L), but the concentration fell below the
MDL (14−16 ng L−1) within half an hour after spiking.
Model Evaluation and Results. The fit between

measured and modeled data indicated that the Bioretention
Blues model reproduced the processes involved in contaminant
transport and fate in the bioretention cell during the spike and
recovery experiment (Figure 1, see SI Section S2.1). The
model showed adequate performance (defined as KGE values
≥0.5, 1 indicates an ideal fit)22,37 for the calibrated flows
(Figure 1a) and for the tracer compounds bromide and
rhodamine-WT (Figure 1b). For 6PPD-quinone, the KGE
modified to ignore bias in variances was 0.64 (Figure 1c, see SI
Section S2.2).
Encouragingly, our results indicated that once captured

6PPD-quinone is unlikely to leach out of the bioretention
system, at least over short interevent time scales. First, during
our initial experiment we only saw detectable levels of 6PPD-
quinone immediately following the spike injection. By contrast,
concentrations of rhodamine-WT remained elevated through-
out the experiment. This difference in fate was captured by our
model, which predicted substantial remobilization of rhod-

amine-WT with the influx of clean water but predicted that
6PPD-quinone would mostly remain sorbed to the soil.
Supporting this contention, during the flushing experiment,
where we introduced ∼13m3 of clean water approximately 1
week after the initial spike experiment, we did not observe
detectable effluent concentrations of 6PPD-quinone. For this
event, the model predicted that ∼2% of the influent mass
would be remobilized to either the underdrain or to the
surrounding soil. Although this lack of detection could have
been caused by transformation or plant uptake of the 6PPD-
quinone (given the uncertainty in the model parameters for
those processes), it still showed that remobilization and
leaching of 6PPD-quinone from fresh influent was not a
substantial mass transport process, even given a very short
interval (of <1 week) between large events. Overall, across the
modeled period the model estimated that ∼75% of the influent
6PPD-quinone was retained by the soil, with <5% released
through the underdrain and ∼20% exfiltrated to the
surrounding soil (Figure 1d), with 2.5% predicted trans-

Figure 1. Overview of the results from the 6PPD-quinone (6PPD-Q)
spike test. (A) Hydrology of the spike and recovery and flushing
experiment, showing the measured influent and effluent flow rates, the
modeled effluent flow rate (dashed line), and the timing of the spike
injection. (B, C) Modeled (dashed lines) and measured (dots)
effluent underdrain concentrations of the (B) calibrated tracer
compounds and (C) uncalibrated 6PPD-quinone for the initial
spike and recovery test period. (D) Modeled fate of 6PPD-quinone
across the entire spike and flush test time period. Solid arrows
represent mass transfers between compartments or into and out of the
system, as a percentage of the influent mass (shown entering the
ponding zone with units in μg); double-headed arrows indicate two-
way processes with the larger arrowhead showing the dominant
direction of exchange (e.g., 76% transfer from mobile water to media).
Dashed lines represent primary transformation. Mm shows the
percentage of influent mass retained by the soil.
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formation in the soil compartment. SI Section S2.3 discusses
limitations of our model and results.
Performance of Bioretention for 6PPD-Quinone. We

ran the calibrated model for 28 events across the City of
Vancouver intensity-duration-frequency (IDF) curves, assum-
ing a constant 1000 ng L−1 influent concentration to represent
a “worst-case” scenario, such as a system receiving effluent
from a large highway (see SI section S1.5 for more details).
Under these conditions, we predict that the as-built
bioretention system would reduce mass-loadings of 6PPD-
quinone to receiving systems by >90% for all events with a
recurrence period of ≤2 years (Figure 2a). In an “average”
water year, we predicted a reduction in annual mass loadings of
>95%, with 26% of the influent mass predicted to transform
(Figure 2b), although we note that little is known about how
quickly 6PPD-quinone is transformed in soil. Some uptake by
plants may occur,38 although this is likely minor in a fast-
draining bioretention system such as this one.22 The system’s
RQav ranged from 0.38 for the 2 year, 10 min event to 1.9 for
the 200 year, 1 h event. For larger events, there were

substantial periods with an RQ > 1, indicating sustained
effluent concentrations well above the LC50 for coho salmon.
The study system had a high exfiltration rate due to the high

calibrated permeability (∼125 mm h−1) of the surrounding
soil. To broaden the applicability of our results, we simulated
the performance of a “low permeability” scenario consisting of
an identical system situated in a soil with an infiltration rate of
3.3 mm h−1, representing clayey or silty soils.39 In this scenario,
the system performed similarly to the as-built high
permeability system, with more mass released to the sewer
(e.g., 11% vs <1% for the studied system across the average
water year), but a lower RQav of 0.24−1.6 across the 28 events
due to the larger volume of underdrain flow diluting the
effluent concentrations (Figure 2d). We note that since the
Bioretention Blues model relies on system-specific calibrated
parameters the uncertainty surrounding this simulated system
is larger than for the as-built system.
For both the as-built and the low-permeability scenarios, this

relatively high RQav (well above the US Environmental
Protection Agency (EPA) threshold of >0.5 for a “high”
risk) across all events was particularly driven by overflow of the

Figure 2. (A, D) Fate of 6PPD-quinone through the (A) studied and (D) low-Kn bioretention cell across the storm events defined by the City of
Vancouver intensity-frequency-duration (IDF) curves. The contour colors (interpolated between the 28 simulated events) show the proportion of
the influent mass that was advected through the bioretention cell to the sewer system, with brown colors representing less than 50% released and
blue more than 50% released. The mean and range of the effluent concentrations (MEC) and the average risk quotients (RQav) are shown on the
IDF figure. (B, E, C, F) Fate of 6PPD-quinone across (B, E) a synthetic “average” water year and (C, F) the City of Vancouver 100 year 1 h design
storm event, respectively; E and F represent the low-Kn scenario. Solid arrows represent mass transfers between compartments or into and out of
the system, as a percentage of the influent mass (shown entering the ponding zone with units in mg or ng); double-headed arrows indicate two-way
processes with the larger arrowhead showing the dominant direction of exchange. Dashed lines represent primary transformation. Mm shows the
percentage of influent mass retained by the soil.
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system during larger events (Figure 2c); water that overflowed
the system received only minimal treatment due to settling and
diffusion, leading to high combined effluent concentrations.
On entering a stream, concentrations would be reduced
through dilution. However, depending on the size of the
stream, localized high concentrations would still be possible.
Tire-derived chemicals such as 6PPD-quinone are believed to
be rapidly mobilized by the first flush of a rainfall event,40

meaning that the excellent performance for both the as-built
and low permeability scenarios for smaller events and across an
“average” water year could substantially reduce the risks to
salmon. Larger events still present a risk, however, as in many
catchments 6PPD-quinone is believed to exhibit an additional
“middle flush”40 of elevated concentrations of 6PPD-Q
throughout the hydrograph.7 Design or management inter-
ventions could therefore improve the ability of bioretention
systems to protect salmon from 6PPD-quinone during extreme
events.
Environmental Implications. Overall, our results showed

that mature, field-scale bioretention systems can effectively
capture 6PPD-quinone in stormwater. Although finding safer
alternatives to 6PPD will provide the most complete protection
for salmonids and other potentially sensitive aquatic organisms,
the efficacy of bioretention systems means that in the short
term, stormwater managers can protect sensitive populations
by redirecting runoff away from streams and toward
engineered systems such as bioretention. Our modeling results
indicate that under most “typical” storm conditions (e.g., <2
year return period) bioretention will greatly reduce the mass
and concentration of 6PPD-quinone being directly released.
Even during larger events, almost 50% of 6PPD-quinone may
be captured, with the lower performance for the largest events
driven mainly by overflow from the ponding zone. Although
knowledge gaps remain regarding the transformation rates of
6PPD-quinone in soil, and the potential for transport through
interflow and shallow groundwater flow, our results indicate
that 6PPD-quinone is not likely to be remobilized from soil.
Therefore, redirection to riparian zones or other vegetated
areas may provide protection as well. By directing road runoff
toward bioretention systems, stormwater managers and other
environmental stewards can help protect salmonids and any
other sensitive aquatic organisms from toxic road runoff and
support socio-ecologically healthy aquatic environments.

■ ASSOCIATED CONTENT
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