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Abstract

Tire wear represents a large source of microplastic entering the aquatic environment, however little is known about
its environmental risks. Here, we provide the first assessment of the environmental risks of pollution with tire wear
microplastic particles (TWP) and associated organic micropollutants present in road runoff in Europe, in one go.
Besides microplastic TWP, the assessment focused on priority substances as defined by the Water Framework
Directive (WFD). In addition, several other pollutants (mercaptobenzothiazole, tolyltriazole, diisodecyl phthalate and
hexa (methoxymethyl)melamine) were included. The risk assessment comprised a hazard identification (selection of
traffic related substances), an assessment of exposure (Predicted Environmental Concentrations, PECs), based on
estimated and measured values, effect assessment (selection of Predicted No Effect Concentrations, PNECs, and
effect values) and a risk characterization (PEC/PNEC and Species Sensitivity Distributions (SSDs)). Whole Effluent
Toxicity (WET)-tests on samples taken from road runoff, surface water and sediment were conducted as a
retrospective approach to support the risk assessment. We demonstrate that risks exist for TWP and for several
TWP-associated chemical substances in surface water and sediment. In addition, WET-tests of the runoff samples
showed significant dose-related effects for algae. However, WET-tests of surface water showed no significant toxic
effects. The present study provides opportunities to protect the quality of European waters from complex road
runoff pollution, focusing on TWP microplastic, their associated WFD priority substances and other hazardous
substances.

Keywords: Tire wear particles, Road runoff, Microplastic, Organic micropollution, Environmental risk assessment,
Whole effluent toxicity test

Introduction
Microplastics are of increasing concern in the environ-
ment [1, 2]. Tire wear is estimated to be one of the lar-
gest sources of microplastics entering the aquatic
environment [3–7]. The mechanical abrasion of car tires
by the road surface forms tire wear particles (TWP) [8]
and/or tire and road wear particles (TRWP), consisting
of a complex mixture of rubber, with both embedded as-
phalt and minerals from the pavement [9]. In our study
we focus on tire wear particles as a component of

microplastics in the aquatic environment. Therefore the
abbreviation TWP is used to indicate particles originat-
ing from road-generated tire abrasion. Small TWP are
typically emitted into the air and prone to air dispersal,
whereas large TWP will get deposited on the road sur-
face where some parts will get trapped and other parts
will be transported by rainwater runoff into soils, sewers
and/or surface waters [4]. TWP are present in all envir-
onmental compartments, including air, water, soils/sedi-
ments, and biota [10]. Pure TWP are rarely found in the
environment as it is mostly of mixed composition, i.e.
consisting of tire and other road related wear particles
[11]. Hence, the term TRWP may be more appropriate
when referring to tire wear particles in the environment
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[12]. Recently, a nomenclature on anthropogenic poly-
mer particulates has been proposed, introducing micro-
rubber (MR) as an umbrella term covering all
micronized rubber particles such as T(R) WP [13]. TWP
contain rubber polymers (about 50%) and other compo-
nents such as fillers and softeners [7, 11, 12]. Road run-
off including TWP has been studied extensively over the
past decades, addressing characteristics, environmental
concentrations and effects of TWP [9, 10, 14–17], with
an additional focus on (effects of) leaching of heavy
metals and other trace elements [18–34]. Leachability of
toxic compounds differs greatly among different tires
(i.e. rubber formulas) [26] and different tires were found
to vary in toxicity by 2 orders of magnitude [23]. Tire
components may also form toxic transformation prod-
ucts. Recently, a previously unknown transformation
product of a globally ubiquitous tire rubber antioxidant
was identified as the primary causal toxicant for decades
of stormwater-linked salmon acute mortality observa-
tions in the U.S. [35]. Furthermore, toxicity of TWP
leachates is also related to the leaching methods used to
prepare and extract the tire particles [15]. Harmful ef-
fects from TWP leachates were observed on aquatic or-
ganisms including algae, crustacean and fish, although
significant effects were not always determined [9, 15, 17,
21, 26]. The acute effect concentrations of TWP leach-
ates (TWP removed) in aquatic media, including marine
environments, were found to cover a range of 25 to 100,
000 mg TWP/L [8, 36], while chronic effect concentra-
tions vary from 10 to 3600mg TWP/L [8]. A Predicted
No-Effect Concentration for water (PNEC water) of 3.9
mg TWP/L was derived based on TWP leachate [10].
Although expressed in TWP mass, these effect values
are all based on the chemicals leaching from TWP and
not on the particles themselves. Components of leach-
ates found to be largely responsible for the toxicity were
zinc and organic compounds [17, 26].
The briefly described literature above indicates an ex-

tensive knowledge base is available for TWP leachates.
For TWP as a component of microplastics, knowledge
on the concentrations, degradation, retention and tox-
icity of in the aquatic environment is however limited
[12, 37, 38]. Due to interactions with other particulate
matter, TWP are subjected to changes in morphology
and composition, which makes it difficult to track and
quantify them in the environment [8]. Environmental
concentrations of TWP have been measured using
markers [16, 39], i.e. tire constituents which occur in
specific concentrations in tire material [8]. This ap-
proach is limited due to multiple sources of most avail-
able marker substances and variations of the marker
content in the tires [8]. The presence of actual TWP was
first detected as airborne particles, e.g. [11], indicating
tire wear as a significant contribution to the flux of

microplastics into the environment. Recently, TWP have
been measured in stormwater [40], sediment and surface
water [41], confirming that road runoff likely is an im-
portant pathway of microplastic pollution. Therefore,
there is a need to evaluate the effect of TWP on biota
and to assess potential ecological risks posed by TWP.
Effects in the aquatic environment may stem from

TWP itself or from compounds released from TWP [8,
42–44]. Furthermore, other traffic related sources
(brakes, lubricants, coolants, asphalt, road marking and
vehicle parts) may also release microplastics and other
pollutants [4, 29, 45–59]. A wide range of species are
capable of ingesting microplastics and ‘food dilution’ has
been found to be the effect mechanism with the highest
weight of evidence [60, 61]. Considering TWP, ingestion
by aquatic species has recently been confirmed and a
dissimilar mechanism of toxicity of TWP and leachate
was suggested [44]. Therefore, when addressing risks of
microplastics from road runoff, one needs to consider
the toxicity of the microplastic particles themselves, the
toxicity of tire compounds which may or may not leach
out of the particles, as well as the toxicity of other pol-
lutants in road runoff. With a few exceptions [42–44],
available research on TWP has been limited to forced
TWP leachates, thus disregarding the actual particles
[8]. To date, we are not aware of studies that assess the
risks of TWP including both the chemical as well as the
particle effect modes of action in one go.
This study aims to provide insight in risks of pollution

in road runoff for European waters by conducting a risk
assessment for the components in road runoff that can
be considered hazardous. Following Diamond et al. [62]
the assessment comprised of a generic prospective as-
sessment using conservative assumptions to identify po-
tential ecological risks (Predicted environmental
concentration (PEC) / Predicted no-effect concentration
(PNEC) ratio), followed by a higher resolution prospect-
ive assessment (Species Sensitivity Distributions (SSDs)
used to estimate the Potentially Affected Fraction (PAF)
of species) and then by a retrospective assessment
(Whole Effluent Toxicity (WET)-tests). In relevance to
European water quality, the prospective risk assessment
was focused on WFD priority substances (Directive
2013/39/EU), supplemented with other hazardous sub-
stances found in road runoff. As the number of different
compounds potentially present in road runoff is high
(306 compounds [29]), a selection was made of 10 sub-
stances and TWP itself to be included in the risk assess-
ment. Estimated and measured exposure concentrations
(PECs) of these pollutants reported in literature were
compared to the sensitivity of the environment as repre-
sented by 1) PNECs and 2) SSDs [63]. Due to lack of ef-
fect data for TWP as a specific subcategory of
microplastic, we used generic microplastics data as a
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proxy to estimate their particle related effects and hence
use the term TWPMP (Tire Wear Particles - Microplas-
tic). Whole Effluent Toxicity (WET)-tests using bacteria,
algae and crustacea were conducted to support the risk
assessment in retrospect [62]. With this retrospective as-
sessment realistic field samples are tested and combin-
ation toxicology as well as yet unidentified substances
are covered.

Methods
To provide insight in risks of pollution in road runoff
for European waters, a risk assessment of individual sub-
stances in road runoff was conducted. This risk assess-
ment comprised hazard identification (selection of
substances), exposure assessment, effect assessment and
risk characterization [64]. Following Diamond et al. [62],
this prospective risk assessment was combined with a
retrospective assessment in the form of Whole Effluent
Toxicity (WET)-tests on representative environmental
samples. The prospective risk assessment is used to
identify potential ecological risks whereas the retrospect-
ive assessment provides additional information that inte-
grates the complexity of real mixtures.

Selection of substances
The group of microplastics, or more specific TWPMP,
was selected as primary focus of this study. We use the
term microplastics to refer to the group of microplastic
particles in general, with particle sizes ranging from 1 to
5000 μm [61, 65, 66], whereas TWP refers to the parti-
cles from tires with sizes within the range of microplas-
tics [14]. Besides microplastic particles, tire compounds
and other pollutants in road runoff needed to be identi-
fied for inclusion in the risk assessment. To select a
most relevant and also manageable number of TWP-
associated compounds for the risk assessment, 10 com-
pounds were selected from a list of organic micropollu-
tants that are reported to be released from traffic and
roads (Supporting information: Table S1 to S3, page 4–
12). Selection criteria were as follows. First, compounds
listed as priority substance under the Water Framework
Directive (WFD 2000/60/EC) were selected: Benzo(a)
pyrene (BaP); Fluoranthene; Nonylphenol (NP); 4-tert-
octylphenol (OP); Di (2-ethylhexyl) phthalate (DEHP).
One substance, Bisphenol A (BPA), is considered to be a
potential candidate for eventual priority substance status
under article 16 of the WFD and was also selected. Four
other substances were selected based on the following
criteria (1) concentrations in runoff are reported in lit-
erature, (2) the pollutants originate from a variety of
sources and (3) the pollutants are expected to dominate
risk, based on the assessment by Baun et al. [67] and
Markiewicz et al. [29]. The latter assessment prioritizes
pollutants with properties such as: low volatility;

persistent; risk for bioaccumulation; risk for toxicity; and
long-term adverse effects. These four substances are
Mercaptobenzothiazole (MBT); Tolyltriazole (TT); Dii-
sodecyl phthalate (DIDP); and Hexa (methoxymethyl)
melamine (HMMM).

Exposure assessment
Measured values reported in literature in runoff or
storm water were taken as the Predicted Environmental
Concentration (PEC) in runoff (all values found in litera-
ture are provided as Supporting information, Table S4
on page 13–15).
For the PEC in surface water, both estimated (extrapo-

lated from runoff concentrations) and measured values
(reported in literature) were used. For the estimated
values it was assumed that the concentration in a water
body equals the runoff concentration divided by 100.
When more than one PEC in runoff was available, the
maximum (worst case) value was taken for the deriv-
ation of the PEC in surface water. The dilution factor of
100 is derived for a typical small surface water body (2
m wide and 1m depth) with a flow of 1 m3/sec, com-
bined with a typical discharge from a rain event of 30
mm in 1 h on a road of 100 m long and 12m wide
(resulting in a discharge of 0.01 m3/sec). For relatively
small and/or stagnant surface water bodies that are
mainly loaded with road runoff water, the dilution factor
of 100 may be too high. For those water bodies, the risk
assessment based on runoff concentrations is more rele-
vant. The estimation was only applied for the 10 sub-
stances, as the dilution assumption does not apply for
particles (TWP). The estimated TWP concentration is
based on a conceptual model of TRWP fate [37].
For the PEC of sediment, the same approach was used

as for surface water. The estimated value for each of the
10 substances was extrapolated from measured values in
the solid fraction of runoff by using a dilution factor of
100. In case no concentration in runoff sediment was
available, a fixed ratio of 10 between the PEC surface
water and PEC sediment was assumed, based on the ra-
tio between surface water concentrations and sediment
concentrations of phenols and phthalates in Björklund
et al. [68]. A list of estimated and measured values in
surface water and sediment is provided as Supporting in-
formation (Tables S4 and S5 on page 13–16).

Effect assessment
PNEC selection or derivation
The PNEC is defined as the concentration of the sub-
stance below which adverse effects in the environmental
sphere of concern are not expected to occur (Regulation
(EC) No. 1907/2006). For each substance, a PNEC water
and PNEC sediment was selected from (in order of
priority):
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� Existing EU standards, i.e. Environmental Quality
Standards (EQS). EQS are available for priority
substances (Directive 2008/105/EC and related
documents);

� PNEC values reported in EU Risk Assessment
Reports;

� PNEC values reported on the ECHA website
(https://echa.europa.eu/substance-information/);

� PNEC values reported in literature.

In case there was no PNEC value available from the
above sources, a PNEC was derived using available
toxicity information in combination with an appropri-
ate safety factor as indicated by the EU Technical
Guidance Document [64]. Therefore a search was
conducted in the US-EPA ECOTOX database (https://
cfpub.epa.gov/ecotox/), which is a comprehensive,
publicly available knowledgebase providing single
chemical environmental toxicity data. If toxicity data
was still limited, a search was performed in peer-
reviewed literature using the search engine SCOPUS
(www.scopus.com) and, if necessary, in grey literature
(e.g. using google-scholar). In case a PNEC sediment
was not available in literature and toxicity data for
benthic species was lacking, the PNEC sediment was
estimated based on equilibrium partitioning [64] of
the organic compounds. All PNECs and their litera-
ture sources or derivation (including chemical equilib-
rium equations) are provided and explained in detail
as Supporting information (page 17–22).

Effect data search
A search for No Observed Effect Concentration (NOEC)
values was conducted to provide input for the SSD ap-
proach (see Risk characterization below). To enlarge the
availability of ecotoxicological data we also searched for
effect concentrations up to 10% (EC0 to EC10, with ECx

as the effect concentration at which x% effect (mortality,
inhibition of growth, reproduction, etc.) is observed
compared to the control group) to represent NOEC
values, and for acute EC50 and LC50 (Lethal Concentra-
tion 50%) values. For the latter values, a pragmatic acute
to chronic ratio of 10 was used [69] to represent the
NOEC. As toxicity values for sediment are scarce, we
limited our search to the water phase.
The US-EPA ECOTOX database (https://cfpub.epa.

gov/ecotox/) was searched using the CAS numbers of
the 10 selected substances. The search results (Table
S15) were checked for relevance according to the follow-
ing criteria:

� Only relevant endpoints (NOEC; EC/LC0 to 10; EC50,
LC50);

� Concentration must be expressed as environmental
concentration (i.e. exposure: mg/l, μg/l) and not in
food or organism (i.e. dosage: mg/kg bw etc.);

� Only exact numerical values were selected, in other
words, effect concentrations reported as: ‘NR’;
greater than (‘>’); smaller than (‘<’), or approximate
(‘~’) were not included.

Risk characterization
The risk assessment followed two approaches: 1) calcula-
tion of the PEC/PNEC ratio, indicating whether un-
acceptable effects on organisms are likely to occur and;
2) comparing the PEC with an SSD, to indicate the prob-
ability that a specific fraction of species is exposed above
their no effect value; the Potentially Affected Fraction of
species (PAF) [70]. The SSD approach uses the lowest
available NOEC per species [71–74]. When more than
one value was found for the same species under similar
conditions, i.e. same end-point and an analysis of the
test conditions used cannot explain the difference in ob-
served response, the geometric mean of these values was
used. The minimum number of species required when
using the SSD method is 10 (preferably more than 15)
covering at least 8 taxonomic groups [64]. Because of
these requirements and acknowledging the scarcity of
sediment toxicity values, the probabilistic risk assess-
ment was focused on the water phase only.
When sufficient NOECs were available for a substance,

an SSD was constructed, by using the software ETX 2.1
[75] which is freely available at https://rvs.rivm.nl/
risicobeoordeling/modellen-voor-risicobeoordeling/ETX.
ETX 2.1 applies a cumulative log-normal distribution,
where sensitivity values for species are fitted to a loga-
rithmic scale. The SSD was used to estimate the PAF,
see e.g. European Commission [64] and Aldenberg &
Slob [76]. Using the SSDs, the PAF at the exposure con-
centration (PEC) is estimated as a median estimate (50%
confidence), plus lower estimate (5% confidence) and
upper estimate (95% confidence) of the fraction affected.

Whole effluent toxicity (WET)-tests
Additional to the risk assessment, WET-tests were exe-
cuted to assess the toxicity of runoff and of surface water
next to a highway. In contrast to our prospective risk as-
sessment, the WET-tests constitute a retrospective, em-
pirical approach [62].
Road runoff samples were taken in Germany and

Sweden. In Germany, on 18 March 2019 runoff samples
have been gathered from the highway A61 between
Kreuz Meckenheim and Dreieck Bad Neuenahr-
Ahrweiler (at the parking place ‘Goldene Meile’, Coordi-
nates: 50.58 N, 7.06 E). On the sampling day, it was
partly cloudy and there was some precipitation (0.4 mm
in Köln-Bonn Flughafen) with a maximum temperature
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of 10 degrees Celsius. There was more precipitation reg-
istered in Köln-Bonn Flughafen on the days before the
sampling day (2.3–18.2 mm per day in the 5 days before
the samples were gathered). Highway A61 is a busy
highway with 5 lanes in total and an emergency lane
with an average traffic intensity of 73,310 vehicles per
day. The asphalt consists of normal asphalt. In Sweden,
on 14 June 2019 samples have been gathered from the
Swedish National Road and Transport Research Institute
(VTI) test site located at the highway E18 (Coordinates:
59.63 N, 16.86 E). Water samples were collected from a
concrete storm water well containing road runoff water.
On the sampling day, it was cloudy at first (no rain), and
later sunny, with a temperature of 18–21 degrees Cel-
sius. In the days before the sampling, there was some
rain measured at weather station Enköping Mo (0–13
mm per day in the 5 days before the sampling). Highway
E18 is a highway with 2 lanes in each direction (4 lanes
in total) and no emergency lane, with an average traffic
intensity of 21,300 vehicles per day and the asphalt con-
sists of stone mastic asphalt. Surface water samples have
been taken in the Netherlands, in a surface water body
next to the A2 highway (Coordinates: 52.24 N, 4.98 E),
on 17 April 2019. Samples were collected from the cen-
ter of the water body; 10 l surface water just under the
surface at approx. 30 cm depth. On the sampling day,
the weather was partly cloudy (no rain) with a maximum
temperature of 16 degrees Celsius. The last rain event
occurred 2 weeks before the sampling. It should be real-
ized that the surface water samples reflect time inte-
grated concentrations from emission pulse loadings
(runoff events) already diluted and transported in the re-
ceiving environment. This renders a longer term inter-
pretation and does not include such short term weather
dynamics. Highway A2 is a busy highway with 5 lanes in
each direction (10 lanes in total) and an emergency lane
with an average traffic intensity of 190,000 vehicles per
day. The asphalt consists of porous asphalt, which re-
duces the amount of pollutants that could reach the sur-
face water body. To maintain the in situ state of the
compounds, samples were preserved as follows. All sam-
ples were stored in green/brown colored glass bottles or
jars in the dark at 4 ± 3 degrees Celsius. This implies
that degradation by UV and changes in toxicity profiles
were prevented. Sample preservation by use of biocides
was avoided because that would change the toxicity of
the samples. During transport the samples were cooled
with cooling elements. The samples arrived at the la-
boratory and were tested in August 2019. At arrival the
samples were stored at 7 °C. Before being used in the
WET-test, the temperature was gradually brought back
to room temperature.
WET-tests enable the evaluation of combination tox-

icity and yet unidentified toxicants in a natural matrix.

Fresh water WET-tests were performed for species from
multiple tropic levels, namely bacteria (Vibrio fischeri),
algae (Raphidocelis subcapitata) and crustacea (Daphnia
magna). The samples contained some solids, which eas-
ily settled out. To avoid interference with the measure-
ments, the overlying water was used (elutriate) after
settling out for 24 h. The tests were done on dilution
series of these overlying water samples. In the algal
growth inhibition test (ISO guideline 8692 (2012)),
adapted for micro volumes [77] and the Daphnia
immobilization test (ISO guideline 6341 (2012)), the
concentration series used (expressed as % of the chem-
ical concentration in the original sample) was 0%
(blank), 31.6%, 42.2%, 56.2%, 75% and 100%, assuming
toxicity will be moderate to low. For the Microtox test
with Vibrio fischeri, the range was adapted to meet the
requirements of the Microtox test, with a maximum of
45% sample due to dilution of the sample with the bac-
terial suspension (ISO guideline 11,348–3 (2007)). Ex-
perimental details of the WET-tests are provided as
Supporting information (page 2 and 3).
The NOEC is derived from the data noting that the ef-

fect at the NOEC should not exceed 10% of the tested
population [64]. The EC50 was calculated using a ‘sig-
moidal dose-response curve’ with variable slope and is
based on the effect in the test concentrations relative to
the blank condition.

Results
Exposure assessment
The average, minimum and maximum values of the re-
ported concentrations in runoff found in literature were
used as PECs runoff (Table 1). For the PEC in surface
water and sediment, both estimated (extrapolated from
runoff concentrations) and measured values (reported in
literature) were used (Table 2).

Effect assessment
PNEC selection or derivation
For all organic substances, PNECwater and PNECsediment

values were taken from literature or were derived
(Table 3). For five substances (BaP, Fluoranthene, NP,
OP, DEHP), EQS were available, which apply under the
WFD for surface waters in Europe [96]. For most other
organic substances PNEC values were available in the lit-
erature. Exceptions are the PNECwater and PNECsediment

of DIDP and the PNECsediment of HMMM, which were
derived by using ecotoxicity values from literature com-
bined with an assessment factor and/or the equilibrium
method as described in the Supporting Information
(page 18–20). For TWP, PNEC values including the par-
ticle effect modes of action were not available. Therefore
PNEC values for microplastics (MP) available in the
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literature were used to represent the PNEC for TWP, i.e.
TWPMP.

Effect data search
A total of 63 effect values were gathered for microplastic
(Supporting information, Table S15) which were used to
derive the SSD for TWPMP (Supporting information,
Figure S1). For the organic micropollutants a total of
1823 effect values were gathered (Supporting informa-
tion, Table S16) which were used to derive the SSDs for

BaP, BPA, DEHP, Fluoranthene, NP, and OP (Support-
ing information, Figures S2-S7). Only a few values were
found for DIDP and TT and for HMMM there were no
values available. No SSDs could be derived for these
substances.

Risk characterization
The PNEC values have been compared with concentra-
tions, in runoff (Fig. 1) and in surface water and sedi-
ment (Fig. 2) in order to derive an indication of risk
(PEC/PNEC ratio). A PEC/PNEC ratio higher than 1 in-
dicates that unacceptable effects on organisms are likely
to occur; the higher the ratio, the more likely that un-
acceptable effects may occur [64]. For road runoff water,
the maximum PEC/PNEC is higher than 1 for TWPMP,
BaP, DEHP, DIDP, fluoranthene, NP and OP (Fig. 1).
For solids in runoff, the PEC/PNEC ratios are higher
than 1 for TWPMP, BPA, DIDP, fluoranthene, MBT, OP
and TT. For surface water, ratios exceeds 1 for TWPMP,
BaP and fluoranthene in water. For sediment, ratios ex-
ceeds 1 for TWPMP, OP and TT.
For the probabilistic risk assessment, sufficient data

for deriving an SSD was gathered for TWPMP, BaP, fluo-
ranthene, NP, OP, DEHP and BPA (SSDs provided as
Supporting information (page 23–30). For MBT, TT,
DIDP and HMMM the data availability did not meet the
requirements for SSD derivation [64] and therefore the
PAF could not be estimated for these substances. Using
the SSDs, the PAF at the exposure concentrations
(PECs) is estimated as a median estimate (50% confi-
dence), plus lower estimate (5% confidence) and upper
estimate (95% confidence) of the fraction affected [75].
All PAF estimates are provided as Supporting

Table 1 Predicted environmental concentrations (PECs) in
runoff (water phase and solids) based on measured values
(average, minimum and maximum) reported in literature (see
Supporting information, Table S4)

Pollutantb Runoff water (μg/l) Runoff solids (μg/gdw) Reference

TWP 29,737 (975–58,500) 148,040 (520a-390000a) [78–80]

BaP 0.28 (0.0008–0.83) 0.58 (0.21–0.94) [78, 81]

BPA 0.23 (0.03–0.55) 0.15 (0.06–0.24) [78, 82]

DEHP 1.22 (0.66–2.27) 55.30 (2.44–98.00) [78, 83]

DIDP 3.93 (0.60–8.60) 72.10 (4.61–139.59) [78, 83]

Fl. 1.22 (0.003–3.65) 1.36 (0.30–2.41) [78, 81]

HMMM 2.32 (0.88–3.89) 0.017 (0.002–0.032) [78, 84]

MBT 0.043 (0.010–0.110) 0.60 (0.19–1.01) [78, 85]

NP 0.13 (0.01–0.36) 1.03 (0.001–3.1) [78, 82]

OP 0.091 (0.016–0.197) 0.99 (0.53–1.45) [78, 82]

TT 0.90 (0.010–2.30) 0.57 (0.039–1.10) [78, 85]
aConcentration in solids reported in literature in ww and here converted to dw
using a factor of 2.6
bPollutants: BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2-ethylhexyl)
phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa
(methoxymethyl) melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP
Nonylphenol, OP 4-tert-octylphenol, TWP Tire Wear Particles, TT Tolyltriazole

Table 2 Predicted environmental concentrations (PECs) in surface water and sediment based on measured values (reported in
literature) and estimated values (extrapolated from maximum runoff concentrations (Table 1)), see Supporting information, Table S5

Pollutantc Surface water (μg/l) measured / estimated Sediment (μg/gdw) measured / estimated Reference (measured value)

TWP 8.00 (6.00–10) / 120 552 (5.98a-1900a) / 1200b [41, 78, 79]

BaP 0.0001 / 0.0083 0.073 / 0.0094 [78]

BPA 0.01 / 0.0055 0.001 / 0.0024 [78]

DEHP 0.98 / 0.023 10.30 / 0.98 [78]

DIDP 0.001 / 0.086 1.97 / 1.40 [78]

Fl. 0.001 / 0.037 0.17 / 0.024 [78]

HMMM 0.07 / 0.039 0.001 / 0.00032 [78]

MBT 0.010 / 0.0011 0.002 / 0.010 [78]

NP 0.0010 / 0.0036 0.021 / 0.031 [78]

OP 0.01 / 0.002 0.001 / 0.015 [78]

TT 0.010 / 0.023 0.0058 / 0.011 [78]
aConcentration in sediment reported in literature in ww and here converted to dw using a factor of 2.6
bNot an estimated value, but modelled by Unice et al. [37]
cPollutants: BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2-ethylhexyl) phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa (methoxymethyl)
melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP Nonylphenol, OP 4-tert-octylphenol, TWP Tire Wear Particles, TT Tolyltriazole
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information (Table S14). A PAF of 5% is considered as
the threshold value for environmental protection [64].
The average PAF at PECs in runoff based on measured
values reported in literature was above 5% for TWPMP,
BaP, DEHP and fluoranthene (Fig. 3). For surface water,
the average PAF only exceeded the threshold for
TWPMP. This means that unacceptable effects cannot be
ruled out for these cases.

WET-tests
WET-tests using bacteria, algae and crustacea were con-
ducted to support the risk assessment, as realistic field
samples are tested and combination toxicology as well as
yet unidentified substances are covered. The acute lumi-
nescence inhibition test with the bacteria Vibrio fischeri
showed a slight inhibition for the runoff samples from
Germany and Sweden at the highest concentration
tested (Table 4). However, this was within the normal
variation for this test. Due to the need to suspend the
bacteria in culture medium, 45% was the highest con-
centration that could be tested. Consequently, effects at
higher sample concentrations could not be assessed
using this procedure. The surface water sample from a
water body near highway A2, the Netherlands, did not
show any inhibition at any of the concentrations tested.
The algae growth inhibition test with Raphidocelis

subcapitata showed significant dose-related growth in-
hibition when exposed to the runoff samples (Table 1).
The NOEC for runoff from highway E18, Sweden, was
established at 42.2% of the original sample concentra-
tion. Even more effect was found for highway A61,
Germany, where even at the lowest concentration of
31.6%, 84% effect was observed. A NOEC could not be

established. The surface water sample from a water body
near highway A2, the Netherlands, did not show statisti-
cally significant growth inhibition.
The acute immobilization test with the freshwater

crustacean Daphnia magna showed no effects for any of
the three samples (Table 4). The highest effect of 10%
was within the normal range of variation for this test.
The test results indicate absence of significant toxicity of
runoff and surface water samples to the freshwater
crustacean Daphnia magna.

Discussion
We evaluated aquatic ecological risks of TWP and asso-
ciated road runoff pollutants by combining a prospective
risk assessment with a retrospective assessment in order
to test whether the risk identified in the prospective as-
sessment could have deleterious effects on aquatic life
[62]. We assessed the prospective risk by comparing pre-
dicted exposure concentrations of TWPMP particles and
10 organic micropollutants with: 1) limits below which
no adverse effects of exposure in the aquatic environ-
ment are expected (PEC/PNEC ratios), and; 2) by asses-
sing the fraction of species exposed to these
concentrations above their NOEC (PAF). This prospect-
ive risk differentiates between particle effects (TWPMP)
and chemical effects (organic micropollutants). For the
retrospective assessment, combined particle and chem-
ical effects were assessed by conducting WET-tests.

Overview of demonstrated effects and risks
The risk assessment (PEC/PNEC ratios and PAF) shows
that for most of the selected substances in surface water
and sediment, the risks from road traffic for the

Table 3 PNEC values for microplastics and organic micropollutants in road runoff

Pollutantc PNEC Surface water (μg/l) PNEC Sediment (μg/kgdw) Reference

TWPMP 0.33a 100a [65]

BaP 0.00017 1830 [86, 87]

BPA 1.5 63 [88]

DEHP 1.3 100,000 [87, 89]

DIDP 0.6 3300 Derivedb

Fl. 0.0063 2000 [87, 90]

HMMM 54 133 [91], Derivedb

MBT 4 147 [92]

NP 0.3 4620 [87, 93]

OP 0.1 1.61 [87, 94]

TT 8 3 [95]
aPNEC values for microplastics (MP) available in the literature were used to represent the PNEC for TWP, i.e. TWPMP. It should be noted that the PNEC for MP has a
limited reliability due to heterogeneity of the tested microplastic considering polymer type, size and shape
bPNEC is not available in literature and thus derived using available toxicological data and extrapolation factors (for surface water) or the equilibrium method (for
sediment), see Supporting information (Table S6, page 17–22)
cPollutants: MP Microplastics, BaP Benzo(a) pyrene, BPA Bisphenol A, DEHP Di (2-ethylhexyl) phthalate, DIDP Diisodecyl phthalate, Fl. Fluoranthene, HMMM Hexa
(methoxymethyl) melamine, MBT Mercaptobenzothiazole, MP Microplastics, NP Nonylphenol, OP 4-tert-octylphenol, TWP Tire Wear Particles, TT Tolyltriazole
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investigated European waters are within acceptable
limits. However, for a few substances environmental
risks have been identified. Based on estimated con-
centrations in surface water and sediment extrapo-
lated from reported concentrations in runoff, we
demonstrate that risks are above threshold values
(PEC/PNEC > 1) for TWPMP, BaP and fluoranthene in
surface water and for TWPMP, OP and TT in sedi-
ment. However, based on reported empirical data,
that is, values reported in literature, risks only exist
for TWPMP in surface water and TWPMP and TT in
sediment. In retrospective, WET-tests of the surface

water sample showed no significant toxic effects for
bacteria, algae and crustacea.
Concentrations in runoff (water and solids) are much

higher than in surface water and sediment and risks
(PEC/PNEC > 1 and/or PAF > 5%) cannot be ruled out
for most substances. A risk was indicated for TWPMP,
BaP, BPA, DEHP, DIDP, Fluoranthene, MBT, NP, OP
and TT in road runoff. WET-tests of road runoff showed
no significant toxic effects for bacteria and crustacean,
but the algae growth inhibition test showed significant
dose-related growth inhibition. The latter confirms the
outcome of the prospective risk assessment, i.e. that

Fig. 1 PEC/PNEC ratios of selected substances in runoff water (a top) and solids (b bottom). Selected substances: tire wear microplastic particles
(TWP_MP), benzo(a) pyrene (BaP), bisphenol A (BPA), di (2-ethylhexyl) phthalate (DEHP), diisodecyl phthalate (DIDP), fluoranthene (Fl), hexa
(methoxymethyl) melamine (HMMM), mercaptobenzothiazole (MBT), nonylphenol (NP), 4-tert-octylphenol (OP) and tolyltriazole (TT). The bar chart
shows the average PEC/PNEC based on measured concentrations reported in literature, with the minimum and maximum values represented by
the error bars. PEC and PNEC values are provided in Tables 1 and 3, respectively. The dashed horizontal line in the figure marks the threshold
indicating unacceptable effects on organisms are likely to occur for PEC/PNEC ratio’s higher than 1
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adverse effects cannot be ruled out for runoff. This
could be caused by (the combination of) the substances
included in the prospective risk assessment, as well as
other runoff components. Other studies have found or-
ganic compounds (including a transformation product)
and zinc to be largely responsible for the toxicity of
TWP leachate [17, 26, 35]. In highway runoff, not only
zinc but also copper was found to be the primary cause
of toxicity [100]. These main pollutants identified in lit-
erature could play a role in the toxicity effects observed
by the WET-tests in this study. Concentrations of cop-
per in the runoff samples used for the WET-tests (8.3
and 9.1 μg/l in samples from Sweden and Germany,

respectively [78]) are above the lowest NOEC value
found for bacteria Vibrio fisheri (3.39 μg Cu/l [101]), but
below the lowest NOEC value found for crustacea Daph-
nia magna (12.6 μg Cu/l [102] and for algae Raphidocelis
subcapitata (15.7 μg Cu/l [102]). For R. subcapitata,
however, a NOEC as low as 4.2 μg Cu/l was suggested
under worst case conditions (i.e. considering metal tox-
icity modifying factors like pH, water hardness and dis-
solved organic carbon) [103]. For zinc, concentrations in
runoff (72 and 230 μg/l in samples from Sweden and
Germany, respectively [78]) are well above the lowest
NOEC values found for all species used for the WET-
tests, i.e. V. fisheri (10 μg Zn/l [101]), R. subcapitata

Fig. 2 PEC/PNEC ratios of selected substances in surface water (a top) and sediment (b bottom). Selected substances: tire wear particles
(TWP_MP), benzo(a) pyrene (BaP), bisphenol A (BPA), di (2-ethylhexyl) phthalate (DEHP), diisodecyl phthalate (DIDP), fluoranthene (Fl), hexa
(methoxymethyl) melamine (HMMM), mercaptobenzothiazole (MBT), nonylphenol (NP), 4-tert-octylphenol (OP) and tolyltriazole (TT). PEC and
PNEC values are provided in Tables 2 and 3, respectively. PEC values are measured values reported in literature (measured) and extrapolated from
values found in literature (estimated). For TWP, the estimated value is the result of modelling [37]. The dashed horizontal line in the figure marks
the threshold indicating unacceptable effects on organisms are likely to occur for PEC/PNEC ratio’s higher than 1
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(21 μg Zn/l [104]) and D. magna (86 μg Zn/l [104]), al-
though for D. magna only the zinc concentration in the
sample from Germany exceeds the NOEC.

Selection of substances
The selection of substances was focused on WFD prior-
ity substances and other substances with hazardous
properties. For practical reasons, we limited the selection
to 10 substances. Although we addressed relevant pollut-
ants, this does not provide a complete risk profile of all
runoff components. A total of 306 organic compounds
[29] and heavy metals such as Zn, Cu, Ni, and Cd [31]

have been identified in road runoff. A prospective risk
assessment accounting for more chemicals could lead to
a higher estimation of risk. However, by including the
WET-tests of realistic field samples as retrospective as-
sessment, the risk assessment covers all runoff compo-
nents, including possible unidentified substances.

Exposure assessment
Estimated PECs in surface water and sediment were
based on the highest reported concentration in runoff
combined with a dilution factor (1:100) representative
for a small surface water body. However, the measured

Fig. 3 PAF (%) of selected substances in runoff water (a top) and surface water (b bottom). Selected substances: TWP_MP (Tire Wear Particles,
with PEC represented by TWP and SSD by microplastics), BaP (benzo(a)pyrene), BPA (bisphenol A), DEHP (di (2-ethylhexyl)phthalate) Fl
(fluoranthene), NP (nonylphenol), OP (4-tert-octylphenol). The PAF (Supporting information, page 31–32) is derived by comparing the PEC (Tables
1 and 2) with the SSD (Supporting information, page 23–30). PAF up to 5% is considered acceptable [64], as marked by the dotted line in the
figure. The bar chart shows the average of the median estimate PAFs (50% confidence), with the error bars representing the lowest value of
lower estimates (5% confidence) and the maximum value of upper estimates (95% confidence)
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PECs exceeded the estimated PECs in many cases (i.e.
for all substances in either surface water and/or sedi-
ment). Thus, the estimated concentrations do not repre-
sent a worst case exposure scenario. This could be
caused by the applied dilution factor, assuming surface
water containing 1% road runoff. This dilution has how-
ever been applied by others to estimate road runoff con-
centrations in standing waters [105]. However, for small
static water bodies receiving relatively high volumes of
runoff, e.g. through splash and spray, dilution may be
less. For such water bodies, undiluted runoff concentra-
tions better represent a worst case exposure scenario.
Other factors are the fact that the number of measure-
ments in literature is limited for these pollutants (there-
with hampering a representative comparison) and the
input of other emissions besides traffic related sources.
For example, other main sources of phthalates (DEHP,
DIDP) and NP are roofing and cladding and flexible
PVC [68, 106], while OP, BPA, HMMM and MBT are
also released from industrial and/or residential wastewa-
ter [84, 107–109].
The PEC values of TWP were based on reported

values in literature, which were based on measurements
[41, 78–80] and modelling [37]. TWP concentrations in
runoff were measured in the water phase at values of
975 μg/l and 58,500 μg/l [78] and in the solid phase at
values of 13,000 mg/kgdry weight (dw), 150,000 mg/kgdw
[78], 2000 mg/kgwet weight (ww), 150,000mg/kgww [79] and
70,000 mg/kgww [80]. Liu et al. [110] have measured
microplastics in runoff excluding TWP and reported
concentrations of 0.231 (0.085–1.143) μg/l, which were
not used as PECs in our study. These concentrations of
microplastics without TWP are much lower than those
measured of TWP, which is to be expected considering
runoff as a main pathway of TWP entering the aquatic

environment and TWP being a major source of micro-
plastics [3–6]. In surface water, TWP were measured at
6 μg/l [78] and 10 μg/l [41] and modelled at 27 μg/l (an-
nual average with ranges between 3.7 and 120 μg/l [37]).
In sediment, TWP were measured at 2.3 mg/kgww [41],
300 mg/kgdw [78] and 730 mg/kgww [79]. A review of
microplastic particle concentrations in river and lake
water, groundwater, tap water, bottled drinking water
and wastewater in Asia, Australia, Europe and North
America found concentrations to range from 1 × 10− 2 to
108 particles/m3 [111]. Assuming a particle weight of
12.5 μg per particle [112], this corresponds to a concen-
tration of 1.25 × 10− 4 to 106 μg/l. Our TWP PECs fall
within this broad range including those of river and lake
water.

Effect assessment
Effect data for TWP were limited and therefore we used
effect data for microplastics as a proxy for physical par-
ticle effects. Given that particle-volume based ‘food dilu-
tion’ has been found to be the primary effect mechanism
for low-caloric particles such as TWP and microplastics,
this approach is legitimate [60, 61]. Preferably effect data
for TWP should be based on real-world concentrations
and material of TWP. However this is very scarcely
available. Most effect data originated from experiments
with leachates of whole tires or artificially produced tire
wear (see compilation by Wagner et al. [8]) and some
experiments with TWP dispersions [43, 44] and spiked
sediments, e.g. Redondo-Hasselerharm et al. [42]. Novel
data are presented here for the WET-test with three
aquatic species exposed to environmental samples taken
from road runoff and surface water near highways. How-
ever, more ecotoxicity testing is required to provide suf-
ficient insight in the potential effects and concomitant

Table 4 Summary of WET-test results. Details on the method and results of the WET-tests conducted with runoff samples from
highway E18, Sweden and highway A61, Germany and a surface water sample near highway A2, the Netherlands can be found in
the technical reports [97–99]. Some endpoints are not available (n.a.), when effect parameters are too low to enable calculation. The
concentration is expressed in % sample in test solution

Test Endpoint Sample

Runoff, Germany Runoff, Sweden Surface water, the Netherlands

Bacteria Effect 8.68% effecta at highest conc. (45%) 7.06% effecta at highest conc. (45%) no effects

EC50 > 45% > 45% > 45%

NOEC n.a. n.a. n.a.

Algae Effect 84% effect at lowest conc. (31.6%) 35% effect at highest conc. (100%) 6% effecta at highest conc. (100%)

EC50 < 31.6% > 96% > 96%

NOEC < 31.6% 42.2% n.a.

Crustacea Effect 0% effecta in highest conc. (100%) 10% effect in highest conc. (100%) 10% effecta in highest conc. (100%)

EC50 > 100% > 100% > 100%

NOEC n.a. n.a. n.a.
aWithin the normal range of variation for this test
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risk of TWP in surface water. The main approach pre-
sented here is a risk assessment of selected substances as
components of TWP based on published effect data on
the ecotoxicity of single substances and microplastics.
The chronic effect values used for the SSD were based
on NOECs and EC0 to EC10 values. This approach com-
plies to the EU TGD [64]. Research has demonstrated
that using either EC10 or NOEC values does not largely
affect the results of effect assessment [113]. For BaP, OP
and DEHP the number of chronic effect values did not
meet the requirements for SSD derivation so acute effect
values were also included (i.e. EC50 and LC50 values). A
pragmatic acute to chronic ratio of 10 [69] was used to
extrapolate chronic toxicity levels from acute toxicity
values for the chemical substances. A more refined ap-
proach is to apply extrapolation factors depending on
the exposure duration of the toxicity test, as applied for
microplastic following Besseling et al. [65], Adam et al.
[66] and Koelmans et al. [61].
The effect values for the SSD approach were based on

exposure via the water phase only as sediment toxicity
data is limited and the SSD approach requires at least 10
effect values. More toxicity data for sediment organisms
are necessary in order to derive an SSD for TWP and re-
lated substances. Recently, standardized protocols for
bioassays with tire particles are developed [42, 60], enab-
ling the generation of sediment toxicity data with max-
imum applicability for risk assessments. With increasing
data availability, a probabilistic risk assessment for ex-
posure via sediment and solids could be possible. This is
especially important considering microplastic particles
with a density higher as well as lower than water can set-
tle and be buried in the sediment [114], making sedi-
ments act as a sink for TWP [8, 10].
The software used for SSD derivation, ETX 2.1, applies

a cumulative log-normal distribution, where sensitivity
values for species are fitted to a logarithmic scale. The
data is tested for normality by three statistical tests: the
Anderson-Darling, the Kolmogorov-Smirnov and the
Cramer von Mises test. SSDs should not be applied on a
dataset when statistical tests for log normal distribution
fail [64, 115]. This criterion has been partly applied for
the underlying risk assessment. The Kolmogorov-
Smirnov test for normality was accepted for all sub-
stances at a significance level of 0.005. The Anderson-
Darling and Cramer von Mises goodness-of-fit tests
were accepted for most substances but rejected for fluo-
ranthene and NP. This adds uncertainty to the PAF for
fluoranthene and NP. For BPA, the dataset was adjusted
in order to achieve better results with respect to the nor-
mal distribution [64, 115]. As the type of effect (e.g.
mortality, morphology, development, reproduction) has
influence on the effect concentration and therewith adds
to the uncertainty for species sensitivity, the dataset for

BPA was limited to only include mortality effects. This
dataset was found to be normally distributed (all tests
were accepted), whereas the dataset based on all type of
effects had a low probability of normal distribution (all
tests failed).

Risk characterization
The risk assessment (i.e. PEC/PNEC ratio and PAF) ap-
plied in this study only considers individual substances
and not the combined toxic pressure of multiple sub-
stances in runoff. Combined toxicity can be addressed
by applying the multi species (ms) PAF [63, 116]. This is
not elaborated in this study. However, the WET-tests
cover combined toxicity and these showed significant
toxic effects for algae when exposed to road runoff,
whereas bacteria and crustacea showed no significant
toxic effects. The risk assessment for runoff indicates po-
tential effects of TWPMP, BaP, fluoranthene, OP, DIDP
and DEHP. The cause of the toxicity cannot fully be ex-
plained by the underlying risk assessment as none of the
substances are more toxic to algae compared to other
species (i.e. algae are not the most sensitive species
group for the selected substances, see Tables S6 and S7).
This suggests that the observed toxicity is caused by one
or more currently unidentified toxicants. Additional ap-
proaches, such as the TIE (Toxicity Identification and
Evaluation) approach, would be required in order to get
insight in the type of compounds, or even to identify the
individual compound(s) responsible for the toxicity in
the runoff water.

Risk of TWPMP

To assess the risk of TWP, environmental concentra-
tions of TWP need to be compared to effect values of
TWP. As aquatic effect data of microplastic particles
from tires are scarce [43, 44, 117], we used microplastics
in general as a proxy to assess the particle component of
the effect of TWPMP. This is considered a limitation be-
cause consistent risk assessment for microplastic parti-
cles requires alignment of exposure and effect data, i.e.
whatever metric or unit is used to characterize exposure
also is used for the effect assessment [61]. Koelmans
et al. (2020) propose and test rescaling methods for ex-
posure and effect assessment. In future, when exposure
and effect data of TWP is sufficiently available, methods
to correct for the differences in particle types and size
ranges [61] could be applied to improve the risk assess-
ment. The PNEC and SSD used in this study are based
on data for a wide range of microplastics generated by
Adam et al. [66] and Besseling et al. [65]. The “all-inclu-
sive” SSD [65] can be considered as a proxy for TWP be-
cause the size and density of the particles used for the
SSD (0.1 to 600 μm [65, 66] and 0.78 to 1.39 g/cm3 [118,
119] are covering those of car tire particles (4 μm to
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350 μm [14] and 1.2 g/cm3 [79]). Recently, Redondo-
Hasselerharm et al. [42] studied TWP toxicity to four
benthic species and found that neither the particles
themselves nor any of the associated chemicals were
toxic at tire particle concentrations up to 10% sediment
dry weight. That concentration is far (factor 106) above
the PNECsediment for microplastics (0.1 mg/kg dry weight
[65]) we used in our study as representative for species
sensitivity to TWP, in line with our approach for the
PNECwater. The PNEC from Besseling et al. [65] is based
on the lowest effect value from six benthic species to-
gether with a safety factor of 1000 to derive a PNEC,
whereas Redondo-Hasselerharm et al. [42] used four
benthic species and no safety factor because a PNEC
was not derived. Considering this safety factor, the dif-
ference is reduced to a factor 103. This suggests that we
may have overestimated the risk posed by the tire wear
particles in sediment and solids by using the conserva-
tive PNECsediment for microplastics from Besseling et al.
[65]. The same applies for the water phase, as recent
studies [43, 120] observed effects of TWP suspensions at
far higher concentration levels (NOEC is 0.26 g/l for
Hyalella Azteca [43]) than the PNECwater used in this
study (0.33 μg/l [65]).
The underlying preliminary risk assessment indicated

that unacceptable effects of microplastics from traffic re-
lated sources are likely to occur. PEC/PNEC ratio’s and
PAF exceeded acceptable levels for all locations and
matrices. For runoff, this might be expected, as this can
be considered as the undiluted and untreated effluent
from traffic. Since the environmental risk from micro-
plastics in runoff has not yet been addressed in the sci-
entific literature, we cannot compare our findings with
other studies. In surface water and sediment, however,
this is a different case. On the basis of evidence pub-
lished to date, effects of microplastic at a population
level appear unlikely [5], although for some hotspots, ef-
fects cannot be excluded [61, 65, 66]. As the scope of
the underlying risk assessment is focused on hotspots,
by extrapolating the highest reported concentrations in
literature as estimated PEC and measurements in sam-
ples taken in close proximity to the source [78] as mea-
sured PEC, our findings are not contradictory. However,
PEC/PNEC ratio’s and PAF estimated in the risk assess-
ment are relatively high compared to Adam et al. [66]
and Besseling et al. [65]. As risk is determined by the
comparison of environmental exposure (PEC) with a
measure of sensitivity (PNEC or SSD (via PAF)), this
could be the result of higher exposure, higher sensitivity,
or both. Comparing the PNEC for microplastic used in
this study (0.33 μg/L, corresponding to a 5% hazard con-
centration (HC5) of 1.65 μg/L or 1015 particles/L [65])
with other PNEC and HC5 values available in literature
(HC5 of 3500 particles/L [121, 122]; HC5 of 3214

particles/L [123]; PNEC of 0.042 μg/L or 740 particles/L
[66]; PNEC of 0.14 μg/L or 71.6 particles/L [124]; and
HC5 of 251 particles/L or 75.6 particles/L when cor-
rected for the differences in size ranges, bioavailability
and polydispersity [61]) shows that the PNEC is within
the range of literature values. The SSD used in the
present study (see Supporting information, page 23) is
based on NOEC values from Adam et al. [66] and Bes-
seling et al. [65] combined, and is thus also comparable
to the SSDs in their studies. Besseling et al. [65] uses a
freshwater PEC of 0.14 particles/L, corresponding to
1.77 μg/L when assuming a particle weight of 12.5 μg
[112]. Adam et al. [66] used PECs mostly between 10− 2

and 104 particles/m3, corresponding to a range between
1.25 10− 4 and 12.5 μg/L. The PECs used in this study for
TWP in surface water (6 μg/L [78] and 10 μg/L [41]) are
higher than PECs for microplastics used by Besseling
et al. [65] but comparable with maximum values for
microplastics used by Adam et al. [66].

Conclusions
This study provides opportunities to protect the quality
of European waters from road runoff pollution, focusing
on car tire microplastic particles, WFD priority sub-
stances and other hazardous substances. It emphasizes
the relevance of addressing risks of microplastic particles
originating from car tires. Results indicate that TWP
occur in relatively high concentrations compared to
microplastics in general and that the corresponding risk
of TWP is above threshold levels. Because TWP exists
both as anthropogenic particulates and as a source of a
suite of chemicals, providing a risk assessment is chal-
lenging. This study provides a first risk assessment posed
by particle effects (TWPMP) as well as risks posed by
chemical effects (organic micropollutants). Additional
research is required to further address the risks of TWP,
e.g. toxicity testing for environmentally realistic TWP
material and aligning exposure and effect data. Further-
more, the risks of some micropollutants (TT, DIDP,
MBT and HMMM) could be further investigated in fu-
ture when more effect data might be available, as well as
addressing the risks of exposure via sediment and identi-
fying the main contributors to the toxicity of road runoff
to algae.
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