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Predicted aquatic exposure effects from a national
urban stormwater study†
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A multi-agency study of 438 organic and 62 inorganic chemicals measured in urban stormwater during 50

total runoff events at 21 sites across the United States demonstrated that stormwater discharges can

generate localized, aquatic exposures to extensive contaminant mixtures, including organics suspected to

cause adverse aquatic-health effects. The aggregated risks to multiple aquatic trophic levels (fish,

invertebrates, plants) of the stormwater mixture exposures, which were documented in the national study,

were explored herein by calculating cumulative ratios of organic-contaminant in vitro exposure–activity

cutoffs (
P

EAR) and health-benchmark-weighted cumulative toxicity quotients (
P

TQ). Both risk assessment

approaches indicated substantial (moderate to high) risk for acute adverse effects to aquatic organisms

across multiple trophic levels (fish, macroinvertebrates, non-vascular/vascular plants) at or near stormwater

discharge points across the United States. The results are interpreted as potential orders of magnitude

underestimates of actual aquatic risk in stormwater control wetlands or in the immediate vicinity of such

discharges to surface-water receptors, because the 438 organic-compound analytical space assessed in

this study is orders of magnitude less than the 350000 parent compounds estimated to be in current

commercial use globally and the incalculable chemical-space of potential metabolites and degradates.

1 Introduction

Urban stormwater runoff and associated contaminants are
well-recognized as principal drivers of the degraded
biological, chemical, and physical conditions widely-observed
in urban aquatic ecosystems1,2 and collectively labelled
“urban stream syndrome”.3,4 Most stormwater treatment
best-management practices target particulates and
particulate-associated contaminants, but half or more of
stormwater contaminant loading has been attributed to
dissolved constituents,5 including poorly characterized
mixtures of hydrophilic trace organics with known or

suspected adverse ecological impacts, such as pesticides,
plasticizers, and flame retardants.6 For example, the urban
runoff mortality syndrome (URMS) impacting returning
Pacific Northwest coho salmon (Oncorhynchus kisutch)7,8 and
potentially other sensitive species9,10 has recently been
attributed, at least in part, to a tire-rubber antioxidant
(N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine; 6PPD)
quinone transformation product (6PPD-Q)11,12 released to
aquatic environments by leaching of tire wear particles13

discharged in wastewater14,15 and stormwater.14,16 Likewise,
recent documentation of per- and polyfluoroalkyl substances
(PFAS) in street sweepings17 and road dust18,19 suggests
stormwater runoff is an important pathway to aquatic
ecosystems for this large class of highly persistent and toxic
environmental contaminants.20,21

A broad-scope multi-agency study of organic and inorganic
chemicals in urban stormwater from across the United States
(US) determined that stormwater discharges can generate
localized exposures to extensive and diverse contaminant
mixtures, including organics suspected or known to cause
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Water impact

Episodic stormwater discharges can cause high aquatic exposures to extensive contaminant mixtures, including organics known individually to cause
adverse aquatic-health effects, in stormwater wetlands and at or near discharge points in urban streams. The results indicate substantial cumulative acute
risks of adverse effects to multiple aquatic trophic levels from simultaneous exposures to the extensive contaminant mixtures reported in stormwater.
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adverse health effects in aquatic receptors.22 A standardized
analytical toolbox, including a total of 438 organic analytes
(i.e., biogenic hormones, halogenated chemicals, household/
industrial chemicals, methylmercury, pesticides,
pharmaceuticals, and semi-volatiles), was applied to samples
collected immediately upgradient of respective discharge
points at 21 sites in 17 states across the US, encompassing a
total of 50 runoff events across all sites. This brief note
explores the potential aggregated risks of stormwater mixture
exposures to aquatic receptors for multiple aquatic trophic
levels (fish, invertebrates, plants) by calculating cumulative
ratios of organic-contaminant in vitro exposure–activity
cutoffs and health-benchmark-weighted hazard indices based
on the exposure results from the national stormwater study.22

2 Methods
2.1 Stormwater sampling and analyses

Sampling and analysis methods for the national stormwater
reconnaissance study were described in detail, previously.22

Briefly, from August 2016 to December 2017, 50 flow-
weighted composite storm samples (1–4 per site) from 21
sites in 17 states across the US were collected within the
stormwater infrastructure just upgradient of the point of
discharge to surface-water (13 or 62% of sites) or
groundwater (8 or 38% of sites) receptors. Catchment areas
ranged from 0.1 to 1000 km2 and encompassed residential,
commercial, and industrial landscapes. Results of stormwater
samples, which were collected from groundwater-infiltration
stormwater control measures, are retained in the current
assessment as useful exemplars of potential stormwater
discharge exposures to surface aquatic habitats. Stormwater
samples were analyzed for 438 organics (i.e., hormones,
household and industrial chemicals, pesticides,
pharmaceuticals, volatile and semi-volatile chemicals) and 62
inorganics (i.e., major ions, rare earth elements, trace
elements). Among the latter, only copper (Cu) had aquatic
effects benchmarks relevant to the current risk assessment.
Stormwater contaminant mixture exposure results and data
are available at Masoner et al.22 and Romanok et al.23

2.2 Aquatic risk screening

A screening-level exposure–activity ratio(s) (EAR) based risk
assessment24–26 of potential vertebrate-centric, predominantly
molecular-level effects of maximum mixed-organic
contaminant exposures at each site was conducted as
described.27,28 The toxEval version 1.2.0 (ref. 29) of the open
source statistical software R30 was employed to sum (non-
interactive concentration addition model31–33) individual
ToxCast-based34,35 EAR (ratio of measured exposure
concentration to activity concentration at cutoff (ACC) from
the August 2020 invitroDBv3.5 release of the ToxCast
database34) to predict cumulative EAR (

P
EAR) under site-

specific maximum exposure conditions (sum of maximum
detected concentrations for all contaminants observed at a
given site). Non-specific-endpoint, baseline, and unreliable

response-curve assays were excluded.27,28
P

EAR results and
exclusions are summarized in Table S1a–d.†

An analogous benchmark-based toxicity quotient (TQ)
assessment of aggregate organic contaminant risk to aquatic
fish, invertebrates, vascular plants, and nonvascular plants
also was conducted using toxEval version 1.2.0 (ref. 29) to
sum (non-interactive concentration addition model31–33)
individual TQ (ratio of estimated maximum exposure
concentration to corresponding US Environmental Protection
Agency (EPA) Office of Pesticide Programs (OPP) Aquatic Life
Benchmark(s) (ALB) for acute effects to fish (AF),
invertebrates (AI), vascular plants (AVP), and nonvascular
plants (ANVP)36) to predict cumulative TQ (

P
TQ)

37 under site-
specific maximum exposure conditions. Because discharge of
stormwater contaminant mixtures to aquatic receptors are
episodic events, TQ and

P
TQ were not calculated for chronic

benchmarks.
P

TQ results and benchmarks are summarized
in Table S2a–h.† Herein, the risk associated with non-detects
was assumed to be negligible and excluded from

P
EAR and

P
TQ assessments.‡

3 Results and discussion
3.1 Organic contaminant mixtures –

P
EAR risk screening

ToxCast35 employs primarily vertebrate cell lines to assess
exposure–response relations and activity thresholds for a broad
range of biological endpoints, including endocrine disruption
and neurological effects. ToxCast-based EAR values provide
insight into potential sub-lethal effects and are arguably a more
protective screening-level indicator of the probability of
vertebrate biological effects at a measured concentration.28,38

The ToxCast EAR approach employed herein 1) leverages
exposure–response relations for more than 9000 organic
chemicals and approximately 1000 standardized vertebrate-cell-
line bioassay endpoints,39,40 2) emphasizes molecular initiating
events, which inform mechanistic understanding41–44 of
possible organism-level adverse outcomes,41–43 and 3) supports
estimation of cumulative effects (

P
EAR) of mixed-contaminant

exposures using the concentration-addition model
methodology.44–47 Concentration-addition toxicities typically
align with observed mixture toxicities within a factor of 2–4,
regardless of mode of action.31–33 Limitations of the ToxCast
EAR approach include: 1) lack of inorganic contaminant
coverage, 2) notably incomplete analytical coverage of probable
environmental organic exposures, 3) incomplete ToxCast
coverage of detected organic analytes, 4) poorly understood
translation of molecular-level effects to the organism level, and
5) unknown relevance of vertebrate-centric results to aquatic
invertebrates.28,38

Risk screening based on ToxCast vertebrate-centric
exposure–response data provides cumulative sub-lethal
effects (

P
EAR) estimation27,28,48 comparable to in vivo water-

quality benchmark-based toxicity quotient (TQ) approaches,37

and is employed herein to assess the potential for molecular-

‡ All EAR and TQ data are available in the ESI.†
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scale effects to fish and other aquatic vertebrates within the
438-compound target-analyte space of the national
stormwater study.

P
EAR results for estimated maximum

exposure conditions are summarized in Fig. 1 and in Table
S1b and d.† As described,27,48 given the diversity of organisms
and corresponding contaminant vulnerabilities extant in
surface-water aquatic foodwebs,49–52 we employed

P
EAR =

0.001 as a precautionary (protective) effects-screening level of
concern27,37 and interpreted EAR or

P
EAR ≥ 1 as indicative

of a high probability of molecular-level biological effects. We
included only those compounds with individual EAR ≥
0.00001 in the

P
EAR calculation.

Approximately 71% (152) of the 215 organic analytes
detected at least once in this study had acceptable ToxCast
data at the time of access. About 66% (142) of the detected
organic analytes had individual EAR ≥ 0.00001 and were
included in the

P
EAR calculation. Under the estimated

maximum exposure conditions, all 21 sampled sites had one
or more compounds with individual EAR greater than 1,
indicating a high risk of molecular-level effects to exposed
aquatic vertebrates (Fig. 1, top). Under maximum exposures,
at least half of the detected analytes with ToxCast ACC data
at each site had individual or cumulative EAR values equal to
or greater than the 0.001 screening level of concern, with 1–7

compounds per site (median: 3) exceeding the EAR = 1 high
probability of effects level.

As discussed above, a limitation of the
P

EAR approach is
that most of the exposure–response relations archived in
ToxCast are molecular endpoints for which adverse outcome
pathways (AOP) to the organism and population scales45–47

are, with some exceptions (e.g., ref. 53 and 54), largely
unknown. The zebra fish (ZF; Danio rerio) embryo high-
content screening metrics in ToxCast are exceptions,
informing early-life-cycle apical effects in fish and potentially
providing insight into organism-level effects in other aquatic
vertebrates.55,56 The zebra fish EAR results also indicated
potential cumulative stormwater contaminant-mixture apical
effects to fish, because all but one (95%) stormwater site in
this national study had

P
EAR-max ZF equal to or greater than

the 0.001 screening level of concern across all ZF endpoints
and six sites (29%) had

P
EAR-max ZF ≥ 0.1, suggesting

moderate risk of early-life-cycle apical effects (Fig. 1, bottom).
Among the ZF endpoints predicted to be affected, activity
and mortality are reasonably interpreted as adverse outcomes
at organism to community levels of biological organization,
as suggested previously.27

These
P

EAR results indicate that episodic stormwater
exposures with a high probability of molecular effects to

Fig. 1 Individual (circles) and cumulative (red triangles) exposure–activity ratios (EAR) for vertebrate molecular endpoints (top plot) and zebrafish
(Danio rerio) embryonic assay endpoints (bottom plot) for organic contaminants detected in the national stormwater study. Red (upper) and
orange (lower) lines indicate concentrations shown to modulate effects in vitro (EAR = 1) and effects-screening-level thresholds (EAR = 0.001),
respectively. Boxes, centerlines, and whiskers indicate interquartile range, median, and 5th and 95th percentiles, respectively, for both plots. X-Axis
labels indicate state abbreviations and location numbers of stormwater sites.
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vertebrates and moderate risk of apical effects to early life-
cycle fish are common in stormwater wetlands and at or near
discharge points in urban streams across the US during
stormwater events.

3.2
P

TQ screening for fish, invertebrates, and plants

As discussed above, notable limitations of the
P

EAR risk
screening approach are the lack of inorganic contaminant
coverage, the predominantly vertebrate-centric ToxCast
endpoints, and the poorly understood relevance to
invertebrates or to vascular and nonvascular plants. As an
additional line of evidence for potential risks to vertebrates
and to inform the potential risks to lower aquatic trophic
levels, analogous EPA OPP ALB-based

P
TQ risk approaches

were employed, wherein the potential risks under the
estimated maximum exposure conditions were assessed
based on acute benchmarks for fish (Fig. 2, top),
invertebrates (Fig. 2, bottom) and vascular/nonvascular plants
(Fig. 3). We employed

P
TQ = 0.1 as a moderate risk effects-

screening level and
P

TQ ≥ 1 as indicative of high risk of
apical effects, as described.57,58 As for

P
EAR above, only those

compounds with individual TQ ≥ 0.00001 were included in
the

P
TQ calculation.

In-stream organic contaminant concentrations are
reported to exceed fish acute (or chronic) benchmarks only
infrequently,27,59,60 due, at least in part, to the fact that
currently available organic benchmarks are primarily for
invertebrate and plant pesticides, which are evaluated for low
non-target (e.g., vertebrate) potency during OPP
registration.61,62 This was not the case for this stormwater
study, however. About 20% (42 pesticides) of the 215 organic
contaminants in the estimated maximum exposure dataset
had at least one detection with an acute fish TQ (TQAF) ≥
0.00001. Individual (TQAF) and cumulative (

P
TQ-AF) TQ for

acute fish toxicity exceeded the
P

TQ = 0.1 moderate risk level
for acute apical effects from stormwater contaminant mixture
exposures in samples from all 21 sites and the

P
TQ = 1 high

risk level for acute apical effects in samples from 12 (57%)
sites (Fig. 2, top). TQAF and corresponding

P
TQ-AF values

were primarily driven by elevated copper, bifenthrin, lambda-
cyhalothrin, and thiophanate exposures.

Twenty-two percent (47 pesticides) of the 215 organic
contaminants in the estimated maximum exposure dataset
had at least one detection with an acute invertebrate TQ
(TQAI) ≥ 0.00001. Under these estimated maximum
stormwater exposure conditions, every study site had at
least one analyte (copper, lambda-cyhalothrin, cyfluthrin,

Fig. 2 Environmental Protection Agency acute aquatic life benchmark (ALB) based individual (circles) and cumulative (red triangles) toxicity
quotients (TQ) for fish (top plot) and invertebrates (bottom plot). Red (upper) and orange (lower) lines indicate benchmark equivalent
concentrations (TQ = 1) and effects-screening-level threshold of concern (TQ = 0.1), respectively. Boxes, centerlines, and whiskers indicate
interquartile range, median, and 5th and 95th percentiles, respectively, for both plots. X-Axis labels indicate state abbreviations and location
numbers of stormwater sites.
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fipronil) with an individual TQAI ≥ 1, indicating high risk
of apical effects to aquatic invertebrates (Fig. 2, bottom).
The number of contaminants equal to or exceeding TQ = 1
ranged 1–6 (median: 2) per site, with 1–10 (median: 4)
contaminants per site exceeding the TQ = 0.1 screening
level for moderate risk of apical effects in aquatic
invertebrates. TQAI and corresponding

P
TQ-AI values were

primarily driven by elevated copper, lambda-cyhalothrin,
and cyfluthrin, with substantial contributions by
chlorpyrifos, fipronil, and imidacloprid.

About 19% (40 pesticides) of the 215 organic
contaminants in the estimated maximum exposure dataset
had at least one detection with an acute non-vascular plant
TQ (TQANVP) ≥ 0.00001. Under these estimated maximum
stormwater exposure conditions, all but one site had at least
one individual TQANVP ≥ 1 (copper, atrazine), indicating
high risk of apical effects to aquatic nonvascular plants,
and all sites had individual TQ > 0.1, indicating moderate
risk of apical effects (Fig. 3, top). The number of
contaminants exceeding the TQ = 0.1 screening level for
moderate risk of apical effects in aquatic non-vascular
plants ranged 1–3 (median: 2) per site. TQANVP and
corresponding

P
TQ-ANVP values were primarily driven by

copper and the herbicides atrazine, diuron, pendimethalin,

and, to a lesser extent, acetochlor, bromacil, simazine, and
oxyfluorfen.

Lastly, about 17% (37 pesticides) of the 215 organic
contaminants in the estimated maximum exposure dataset
had at least one detection with an acute vascular plant TQ
(TQAVP) ≥ 0.00001 (Fig. 3, bottom). Eight sites had individual
TQAVP and cumulative

P
TQ-AVP > 1 under the estimated

maximum stormwater exposure conditions. Twelve (57%)
sites had individual TQAVP > 0.1 and 13 (61%) sites had
P

TQ-AVP > 0.1, indicating moderate risk of apical effects to
aquatic vascular plants. The number of contaminants
exceeding the individual TQ = 0.1 screening level for moderate
risk of apical effects ranged 0–4 (median: 1) per site. TQAVP

and
P

TQ-AVP exceedances of the 0.1 screening level were due
variously to the herbicides atrazine, diuron, pendimethalin,
lamba-cyhalothrin, oxyfluorfen, and acetochlor.

These
P

TQ results indicate that stormwater discharges
can result in, at a minimum, transient surface-water
exposures with a substantial probability of toxic effects
across multiple aquatic trophic levels, including fish,
invertebrates, and aquatic plants (non-vascular and
vascular) within stormwater wetlands and at or near
discharge points in urban streams across the US during
stormwater events.

Fig. 3 Environmental Protection Agency acute aquatic life benchmark (ALB) based individual (circles) and cumulative (red triangles) toxicity
quotients (TQ) for non-vascular (top plot) and vascular (bottom plot) plants. Red (upper) and orange (lower) lines indicate benchmark equivalent
concentrations (TQ = 1) and effects-screening-level threshold of concern (TQ = 0.1), respectively. Boxes, centerlines, and whiskers indicate
interquartile range, median, and 5th and 95th percentiles, respectively, for both plots. X-Axis labels indicate state abbreviations and location
numbers of stormwater sites.
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Conclusions

Two risk assessment approaches with distinct insights and
limitations were employed to evaluate the potential
cumulative acute effects of estimated maximum stormwater
contaminant-mixture exposure conditions to in-stream biota
at multiple trophic levels. Both indicated substantial risk for
adverse effects to aquatic organisms across multiple trophic
levels (fish, invertebrates, non-vascular/vascular plants)
within stormwater wetlands and at or near stormwater
discharge points in urban streams across the US. There are
several noteworthy limitations to the exploratory risk
assessment approach employed in this note. To ensure a
directly-comparable, expanded analyte, exposure dataset with
national coverage, we explored aquatic risk based only on the
national stormwater study. While the results provide
compelling lines of evidence for substantial aquatic effects in
stormwater wetlands and near urban-stream stormwater
discharges across the US, the extent to which this limited
number of sites (21) and stormwater discharge samples (50)
represents the range in stormwater aquatic risk across the US
is unknown. Similarly, potential risks to multiple aquatic
trophic levels were explored herein based on acute EPA OPP
ALB, assuming transient and localized stormwater impacts to
surface-water receptors. However, the duration and frequency
of stormwater events and the extent of respective stormwater
impact zones are site/event-specific, are dependent on mixing
and dilution in the surface-water receptor, and may be
minimal for small discharges to large diluting receptors or in
locations where storm events are rare. For aquatic
communities in stormwater-dominated systems like
stormwater control wetlands and many urban headwater
streams, assessment based on chronic OPP ALB may be more
appropriate and would generally result in substantially higher
estimated risk. Lastly, the

P
EAR and

P
TQ approaches

employed herein are based on target-chemical detections and
thus intrinsically limited by the analytical detection limit
(i.e., non-detects were assumed to have no risk) and by the
compositional representativeness and relative environmental
coverage of the target-analytical space. Thus the risk of
aquatic effects estimated based on these stormwater exposure
results may be reasonably interpreted as orders of magnitude
underestimates, because below-detection-limit exposures may
contribute to risk, and the 438 organic compound analytical
space assessed in this study is orders of magnitude less than
the 350 000 parent organic compounds estimated to be in
current commercial use globally63 and the inestimable
chemical-space of potential metabolites and degradates.64
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