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ABSTRACT: The lack of standard approaches in microplastic research limits
progress in the abatement of plastic pollution. Here, we propose and test rescaling
methods that are able to improve the alignment of methods used in microplastic
research. We describe a method to correct for the differences in size ranges as used
by studies reporting microplastic concentrations and demonstrate how this reduces
the variation in aqueous-phase concentrations caused by method differences. We
provide a method to interchange between number, volume, and mass
concentrations using probability density functions that represent environmental
microplastic. Finally, we use this method to correct for the incompatibility of data
as used in current species sensitivity distributions (SSDs), caused by differences in the microplastic types used in effect studies and
those in nature. We derived threshold effect concentrations from such a corrected SSD for freshwater species. Comparison of the
rescaled exposure concentrations and threshold effect concentrations reveals that the latter would be exceeded for 1.5% of the known
surface water exposure concentrations worldwide. Altogether, this toolset allows us to correct for the diversity of microplastic, to
address it in a common language, and to assess its risks as one environmental material.

■ INTRODUCTION
The literature portrays environmental microplastic as a diverse
and complex material.1−5 This diversity follows from the fact
that microplastic originates from many different types of
products,2,3 and from how the material is defined: all plastic
particles smaller than 5 mm.2,6−9 Because of the unspecific
nature of this definition, microplastics (MPs) constitute a
heterogeneous mixture of particles represented by a range of
polymers, sizes, and shapes, and associated with all kinds of
chemicals.2,3,10 Microplastics interact with natural particles and
with organisms under a wide range of environmental
conditions, which are even more diverse in space and
time.11,12 This explains the challenges in assessing the risks
these particles pose to the environment and to human health.
It has even been argued to not consider “microplastic” as one
contaminant, but instead focus on its components and address
specific (classes of) microplastic for a range of types, sizes, and
shapes.5

Assessing whether microplastic particles are a risk for human
health and the environment is considered one of today’s major
challenges in the environmental sciences.2 A consistent risk
assessment for microplastic particles requires alignment of
exposure and effect data. This means that whatever metric or
unit is used to characterize exposure also is used for the effect
assessment.1,13 For instance, ideally, one would measure
exposure via all possible pathways for the entire size range
that makes up microplastic, i.e., from 1 μm to 5 mm, according
to an environmentally realistic size distribution. For the effect
assessment, one would need to test particle effects for the same
size distribution and boundaries, such that exposure and effect

threshold data are aligned, and can be used in the risk
characterization in a meaningful way.1

Unfortunately, the microplastic community is still far away
from this situation. First, the literature uses different definitions
of microplastics, with differences especially relating to the size
ranges included in the definition.3,14 Second, methods to
detect microplastic numbers or mass concentrations have
different size detection limits.15 Since particles with smaller
sizes typically occur at much higher number concentrations,4,16

methods that use finer sieve or filter mesh sizes and/or
accurate spectroscopic methods would hence be able to
capture most of these particles and yield orders of magnitude
higher concentrations.15 Sieves or nets used for sampling often
have either, e.g., 20, 100, 300, or 333 μm as the smallest size
limit, whereas detection methods such as visual inspection,
attenuated total reflection Fourier transform infrared (ATR-
FTIR), focal-plane-array FTIR (FPA-FTIR), or Raman
typically are associated with lower size detection limits of
either 1000, 300, 20, or 1 μm, respectively.17 At the other end
of the scale, sampling volume determines the detection limit
for large particles, where larger particles with a low frequency
of occurrence are simply missed when the volume is too
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small.15,18 Therefore, the aforementioned differences in
methods have resulted in data incomparability. Third,
conversion from number to mass concentrations (or vice
versa) is usually done assuming microplastic particles to have a
certain fixed shape (e.g., spherical) with the density of a
discrete polymer.19,20 This, however, is not correct, because
microplastic particles have a wide range of shapes and
densities. More accurate conversions can be done by taking
actual shape and density distributions into account. Fourth,
there is nonalignment of microplastic particles used in effect
tests. Tests often use particles of one size, or very limited size
range, one polymer type, or one shape category, whereas other
tests use particles with a wider range of properties.2 This
renders these studies incomparable. Nevertheless, several
recent publications have compared effect thresholds obtained
for such highly different microplastic particle types in species
sensitivity distributions (SSDs).19−24 A key feature for a
meaningful SSD is that the threshold effect concentrations
relate to the same stressor, which is not the case for these SSDs
because the individual data points relate to very different
particle types. This renders the hazard data obtained from
these SSDs fundamentally flawed. Fifth, the exposure data do
not align with the effect threshold data. This follows logically
from the first two reasons. Exposure calculated from
environmental concentration data automatically relates to
environmental microplastic, a diverse mixture of sizes, polymer
types, and shapes. This does not match with the types and sizes
of microplastic particles used in effect tests, as mentioned. To
have exposure and effect test data aligned such that a
meaningful risk characterization can be done, the effect
assessment should also be done with environmentally realistic,
that is, diverse microplastic.1,4

One logical and ongoing strategy to deal with these issues is
harmonization of methods, and when all is harmonized, use
these methods to collect all necessary data to do risk
assessments of sufficient quality. This, however, will take very
long. There are several ongoing harmonization pro-
cesses,9,25−27 but even they differ and there seems to be a
lack of harmonization of these efforts in itself. This means that
there is an urgent need for pragmatic workarounds to allow for
the translation of all of these different types of data into one
common currency, such that risk assessment for microplastic
becomes feasible.
Here, we propose and test rescaling methods that are able to

substantially reduce the nonalignment of methods used in
microplastic research. First, we provide a simple method to
correct for differences in size ranges targeted by studies
reporting microplastic concentrations. This results in con-
version of data obtained for any size range to default size
ranges, like, for instance, 1 μm−5 mm, 20 μm−5 mm, or 1
μm−1 mm for microplastic.1−7 We apply the method to
previously published concentration data to test the hypothesis
that their variation decreases due to rescaling. Second, we
provide a method to convert number to volume and mass
concentration (or vice versa) taking the full heterogeneity of
environmental microplastic into account. Third, we provide a
method to correct for differences in the particle sizes, shapes,
and densities in ecotoxicological particle effect studies. We
apply the method to a traditionally constructed and flawed
microplastic SSD for freshwater species to obtain a more
meaningful SSD and hazardous microplastic threshold effect
concentration (HC5). Finally, the latter microplastic threshold
effect concentrations (HC5) for 1−5000 μm of microplastic

are evaluated against the aforementioned rescaled 1−5000 μm
microplastic concentrations for surface waters, to illustrate how
a consistent characterization of risk can be done.

■ METHODS
Aligning Data Sets That Target Different Size Ranges.

The literature uses different size ranges to define microplastic,
here referred to as default microplastic size ranges. An often-
used pragmatic range is between approximately 20 and 5000
μm, where 20 μm relates to the practical detection limit of
common FTIR spectroscopic methods. A formally more
correct default range would include all particles between 1
and 5000 μm, with 1 μm being the size below which the
material would be referred to as nanoplastic. Recently, it was
proposed to use a range between 1 and 1000 μm as default;
however, this range is only rarely used in the literature.3 We
argue, however, that these differences are trivial because
number concentration measured within each of these ranges
can be translated into any other range as soon as the particle
size distribution is known.28 Kooi and Koelmans4 demon-
strated that microplastic size distributions typically follow a
power law according to

y bx= α−
(1)

in which y and x are the relative abundance and size (i.e.,
length), respectively, and α and b are the fitting parameters. 4

This means that the number of particles found within any size
range can be translated into the number expected for any other
size range, by using a correction factor (CF) that scales the
integral of eq 1 for the measured size range, against the integral
of eq 1 for the default range.
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Here, subscripts 1 and 2 relate to the minimum and maximum
values of the range (μm), and D and M denote default and
measured ranges, respectively. For example, if a number
concentration measured for a range from 30 to 2000 μm needs
to be rescaled to the default definition range from 1 to 5000
μm, then the values for x1D, x2D, x1M, and x2M would be 1, 5000,
30, and 2000, respectively. With these boundary values and α =
1.6 (see below), the CF would be 8.32 (eq 2). If, for instance, a
measured number concentration for the range from 30 to 2000
μm is 100 #/L, the extrapolated number concentration for the
default definition range from 1 to 5000 μm would be 8.32 ×
100 = 832 #/L. The parameter α may vary a bit among data
sets and therefore can be best obtained by fitting the log-
transformed version of eq 1 to the measured size distribution.
When, however, no data on the distribution is available, then a
default value for α of 1.6 is recommended, which is an average
value based on 14 environmental microplastic size distribu-
tions.4 For the proof-of-principle calculations in the present
paper, the value of α = 1.6 was used.
Using eq 2 (with α = 1.6),4 standard correction factors were

calculated to translate size ranges commonly reported (e.g.,
333−5000, 300−5000, 100−5000, 20−1000, 20−5000 μm) to
the ranges suggested as preferred definitions of microplastic in
the literature (1−5000, 20−5000, 1−1000 μm).2,3,14

Furthermore, as a case study, data on surface water number
concentrations reported by Koelmans et al.15 were rescaled.
These data were compiled from a large number of studies
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targeting different size ranges, with studies able to detect small,
i.e. <100 μm particles reporting much higher number
concentrations. Here, our hypothesis was that rescaling
would result in a lower variation in the number concentrations.
Aligning Number and Mass Concentration Data for

Microplastic. Currently, conversions of number to volume
and mass concentration (or vice versa) based on the
assumption of spherical shape are often inaccurate because
the particles have a wide range of shapes and densities. More
accurate conversions can be done by taking the actual shapes
and densities into account. For instance, Kooi and Koelmans4

defined generic environmental microplastic via probability
density functions for size (1 to 5000 μm), shape, and density.
Shape was quantified by considering length/width/height (L/
W/H) ratio distributions for common microplastic shape
categories (e.g., spheres, fragments, films, fibers) and their
relative abundances in the environment. These were then
combined into overall L/W and L/H distributions (Figure 1).

Subsequently, the latter distributions were further simplified
into one Corey shape factor (CSF) distribution
( H L WCSF /= × ).29,30 L/W/H or CSF distributions can
be used to translate number to volume and mass
concentrations, as follows: First, Monte Carlo (MC)
simulations are used to create a large number (n) of imaginary
particles “i”, by randomly sampling their length from the length
distribution (eq 1), and their L/W and L/H ratios from these
known L/W/H distributions (Figure 1), keeping L/H ≥ L/W.
Subsequently, the volume of an ellipsoid, as the best “one
shape fits all” approximation for all possible microplastic
particles, was calculated using

V L W H
6EL,i i i i
π= × × ×

(3)

Depending on L, W, and H, an ellipsoid can take the shape of
an extremely elongated fiber, a thin film, a fragment, a
microbead (oblate spheroid), or a sphere. The volume of the
ellipsoid VEL,i for imaginary particle i can then be calculated
from the sampled length (Li) distribution and the sampled L/
W and L/H distributions.4 If desired, eq 3 can be further
simplified by assuming that the length to width ratio equates to
the width to height ratio (L/W = W/H),31,32 and by writing it
as a function of CSF by implementing the CSF equation

V L
6

CSFEL,i
S

i
3

i
2π= ×

(4)

The simplified ellipsoid volume (VEL,i
S ) can thus be calculated

from the lengths (Li) and CSFi values sampled from their
respective distributions.4 Again, for 0 < CSF < 1, this results in
ellipsoids that can be extremely elongated when CSF
approaches zero, to the complete opposite: spherical shape
when CSF = 1. For CSF = 1, eq 4 reduces to the volume
equation for a sphere (with L = 2r). The resulting VEL,i or VEL,i

S

(eqs 3 or 4) is then converted into particle mass MPS,i using a
density selected from the density distribution.4 VPS,i values and
MPS,i values from all iterations are summed. This results in total
volume and total mass for the total number of simulated
particles, from which number−volume−mass conversion
factors can be calculated. The factors will be more accurate
if the number of simulated particles i (i.e., the number of MC
iterations, n) is high enough to capture the variation in the
probability density functions. Here, we used n = 105 in the MC
simulations.

Aligning Threshold Effect Data Used in Species
Sensitivity Distributions for Microplastic. Currently
published SSDs need two corrections to make them consistent
with environmental MP exposure concentrations: one aligning
threshold effect concentrations among studies that use
different types of MP and one aligning these threshold effect
concentrations with actual MP exposure concentrations found
in the environment.

Aligning Threshold Effect Concentrations Obtained from
Microplastic Effect Studies Using Different and Nonrealistic
Particle Types. Microplastic effect tests use different types of
microplastic particles, widely varying in sizes, shapes, and
densities, which makes the data incomparable and limits their
use in, for instance, SSDs or risk characterizations.1,20

Furthermore, the types of particles used in effect tests are
usually less diverse compared to those found in the
environment. Here, we provide a calculation method to
correct for this nonalignment. The approach is based on a
method to convert published threshold effect concentrations
into volume equivalent threshold effect concentrations for
environmental microplastic, in combination with the method
to convert number concentrations into volume and mass
concentrations for environmental microplastic as described
above.
Recent reports have identified that the most demonstrated

and consistently reported effect mechanisms across both
marine and freshwater taxa are inhibition of food assimilation
and/or decreased nutritional value of food (“food dilution”),
and internal physical damage due to microplastic inges-
tion.33−35 Ingestion of the low-caloric particles inevitably
leads to loss of energy intake, causing growth inhibition and
eventual mortality.2,12,19,34 If the effect mechanism is based on

Figure 1. Length to width (panel A) and length to height (panel B)
ratios for polydisperse microplastic, obtained from Monte Carlo
simulations for the main microplastic shape categories, and their
relative abundance in the environment4 for n = 1 × 106 iterations,
with fitted bi- and trimodal distributions. The main difference is an
extra peak for sheets at a low L/H ratio.
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food dilution only, then the actual volume of ingested MP is of
primary relevance, rather than the number or size of the MP
particles. This implies that a reported threshold effect
(number) concentration from an effect test with ingestible
monodisperse MP (ECX,mono, with X being the affected fraction
of the population) can be converted into a threshold effect
concentration for an ingestible size range of particles from an
environmentally realistic polydisperse MP suspension
(ECX,poly), as long as the total volume of what is ingested
remains the same. Information on polydispersity can be
obtained either from experimental data or from MC
simulations where the ingestible polydisperse distribution is
based on selected parts of distributions that are parameterized
using environmental data within the ingestible size range, e.g.,
from Kooi and Koelmans.4 The volume preservation equation
is

V VEC ECX X,mono mono ,poly poly× = × (5)

in which ECX,mono is the reported threshold effect number
concentration (#/L), Vmono is the average volume per particle
as used in the reported monodisperse MP effect test, ECX,poly is
the volume equivalent threshold effect concentration of the
ingestible size range of polydisperse MP particles (#/L), and
Vpoly is the average volume per particle that is ingestible by the
species under consideration. The latter Vpoly can be calculated
as the ratio of the total volume of all bioavailable, i.e., ingestible
(polydisperse) particles and the number of ingestible particles
(kingestible) needed to make that volume:

V
V

k
i
i k

i
poly

1 poly,

ingestible
=

∑ =
=

(6)

This can be generated with an MC simulation of particle
volumes based on the aforementioned approach (previous
section, eqs 3 or 4), however with k representing the number
of ingestible particles. The volume equivalent effect threshold
concentration corrected for the bioavailable fraction of
environmental microplastic is then

k V

V
EC ECX X

i
i k

i
,poly ,mono

mono

1 poly,

=
×

∑ =
=

(7)

This threshold concentration is also referred to as the
environmentally relevant threshold effect number concen-
tration. An example calculation is provided in the Supporting
Information.
Aligning Environmentally Relevant Threshold Effect

Concentrations and the Actual Environmental Microplastic
Exposure Concentration. The threshold effect concentration
for environmentally relevant polydisperse microplastic ECX,poly
(eqs 5 and 7) resembles the effect concentration while
accounting for the full diversity of ingestible environmental
microplastic in terms of size, shape, and density. However, this
ECX,poly relates to ingestible particles and still is only a fraction

of the total concentration of environmental microplastic that
aquatic species are exposed to. Quantification of this species-
specific fraction makes it possible to convert all ECX,poly
threshold effect concentrations into threshold concentrations
of “total” environmental microplastic (ECX,env). For example,
in the present paper, n = 105 imaginary particles were created
using Monte Carlo simulations. From these particles, a
selection was made based on the species-specific ingestibility
as described above (Table S1 and Table S2), resulting in the
ingestible subset of particles, based on size constraints. The
resulting number of selected particles is then expressed as a
fraction ( favailable) of the total number generated by the Monte
Carlo simulations. Threshold concentrations of total environ-
mental microplastic (ECX,env) were then calculated as

f
EC

EC
X

X
,env

,poly

available

=
(8)

Construction of Species Sensitivity Distributions. A
traditional freshwater species sensitivity distribution (SSD)
for microplastic was constructed by combining data from the
SSDs published by Adam et al.22 and Besseling et al.20,36 These
SSDs included data for nanoplastic and marine species,
respectively, data that would be irrelevant for a microplastic
SSD for freshwater species and thus were omitted. The
remaining freshwater MP data were updated with effect
threshold data from studies published in 2018 and 2019 (Table
S2). To obtain an SSD consistent with the concept defined in
the previous section (eqs 3−8), only invertebrate species for
which ingestion was demonstrated37 (Table S1) and food
dilution was suggested as the effect mechanism35 were
retained, leading to 54 data points for 11 species (Table S2).
Following Adam et al.,22 reported dose descriptors like EC50,
EC10, and lowest observed effect concentration (LOEC) were
converted into chronic no observed effect concentration
(NOEC) values using an assessment factor (AF) to convert
acute into chronic values (AFtime) and an AF to convert dose
descriptors into NOECs (AFdescriptor), according to ECHA
guidelines.38 Reported NOEC values, however, were consid-
ered too uncertain22 and were therefore omitted. To construct
our new rescaled SSD for each of the species, an ingestible MP
size range was defined based on literature data (Tables S1 and
S2). Particle width (W) was taken as the relevant MP size
dimension for ingestion, assuming that elongated particles can
be ingested along their longest dimension (L). For instance,
fibers often are found to be ingested, even though the size of
the mouth is less than the fiber length.39 Using the US-EPA’s
species sensitivity distribution generator,20 two SSDs were
constructed: one using the original untransformed effect
threshold data as reported (ECX,mono) and one using effect
threshold concentrations rescaled according to eq 8 (ECX,env).
By converting the original as well as the rescaled number
concentration data into mass (eq 3), SSDs for mass
concentration were obtained as well. Mass conversion of the

Table 1. Correction Factors (CF) to Convert Number Concentrations Observed for Five Common Size Ranges (Measured
Range) to Full Microplastic Size Ranges (1−5000, 1−1000, 20−5000 μm)

measured range

CF to default size range of 333−5000 μm 300−5000 μm 100−5000 μm 20−1000 μm 20−5000 μm

1−5000 μm 40.37 37.36 17.42 6.63 6.22
1−1000 μm 39.97 36.99 17.25 6.57 6.16
20−5000 μm 6.49 6.00 2.80 1.07 1
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original number concentration data was based on reported
particles’ size and density. Rescaled data number to mass
conversion was based on the polymer density distribution for
polydisperse environmental MP as reported by Kooi and
Koelmans.4

■ RESULTS AND DISCUSSION
Aligning Data Sets That Target Different Size Ranges.

The calculated correction factors can be used as standard
factors to translate commonly used ranges into the default
microplastic size ranges of either 1−5000, 1−1000, or 20−
5000 μm (Table 1). For instance, microplastic number
concentrations obtained with standard 333 μm trawling nets
would require multiplying by a factor of 40.4 to obtain an
estimate of the full 1−5000 μm microplastic size range. If one
adopts a 20−5000 μm range for default microplastic, the
correction factor would be 6.49. Table 1 also illustrates the
sensitivity of the correction factor to some of the different
approaches used in microplastic research. For instance, it
makes only a 1% (40.37/39.97) difference normalizing to 1−
5000 μm versus normalizing to 1−1000 μm. This is caused by
the fact that sizes between 1000 and 5000 μm have very low
contribution to the overall number concentration that reaches
all the way down to 1 μm. This marginal difference in number
concentrations, which are the units most frequently used in the
literature, may reduce the urgency of revisiting the current
habit of using 5 mm as the upper boundary in the definition of
microplastic.3

We further explored the sensitivity of the correction factor
with respect to variability in the value of the exponent α (eq
1). It appears that this sensitivity is quite large; a 10% increase
or decrease in the default value of 1.6 results in a factor of two
increase or decrease in the value of the correction factor
needed to convert number concentration data from 333−5000
to 1−5000 μm (Figure S1). This sensitivity is much lower
when the correction concerns a smaller difference in the size
range. For instance, the 20−5000/333−5000 correction factor
would change only by a factor of 1.4. Consequently, it is
recommended to always correct a data set with a calibration of
eq 1 that is based on that same data set. If this is not possible,
for instance, when it concerns generic corrections, the generic
value of α = 1.6 still is the best value available.
Aligning Microplastic Concentrations in Surface

Waters. Microplastic number concentration data in water
samples from either groundwater, surface water, wastewater, or
drinking water show an enormous range.15 This can be
attributed to many factors such as differences in water types,
geographical locations, analytical methods, and target size
ranges. Because of the latter, we expect that rescaling the
different size ranges to one identical range would reduce the
range of variation in the data. To test this hypothesis, surface
water microplastic number concentration data from our
previous review15 was rescaled to a standard microplastic
range of 1−5000 μm using eq 2 with the minimum and
maximum size boundaries as reported in the original studies,15

and α = 1.6. A convenient way to compare the rescaled
number concentrations with the original values is via their
cumulative frequency distributions (Figure 2). The comparison
shows that the original data span 7.5 orders of magnitude
(from 10−5 to 200 #/L), whereas the rescaled data span six
orders of magnitude (from 10−3 to 800 #/L). Rescaling thus
leads to a narrower frequency distribution. The difference in
concentration is a factor of 100 at the lowest concentrations

(10−5 versus 10−3), whereas it is only a factor of 4 (200 versus
800 #/L) at the highest concentrations (Figure 2). Low
concentrations often were measured with methods that have a
high size detection limit, for which thus a higher rescaling
factor is used. In contrast, the high concentrations often were
obtained with methods able to detect the smallest particle
sizes, which therefore were already closer to the 1 to 5000 μm
size range defined for environmental microplastic.
Instead of this visual approach, the variation in the data also

can be explored using interquartile ranges. There were 634
surface water concentration values in the original data set (see
Koelmans et al.15), which had an interquartile range of 6.16
#/L, whereas the corrected data set had a higher interquartile
range of 16.7 #/L. Thus, the correction leads to a higher
number concentration (Figure 2). To quantify the relative
variation in the data, we calculated the ratio of the quartile for
75 and 25% of the data (IQR75%/IQR25%). For the original
data, this IQR75%/IQR25% ratio is 2200, whereas for the
rescaled data set, this ratio is only 223, thus an order of
magnitude lower. Rescaling thus indeed helps to substantially
reduce the artifactual variation as expected. When rescaled to a
standard microplastic range of 20−5000 μm, the IQR75%/
IQR25% ratio still is 10 times smaller than that for the original
data, showing that the improvement is not very sensitive to the
definition of the microplastic size range. The remaining
IQR75%/IQR25% variability, i.e., 223, can be seen as a better
estimate of the actual variability of microplastic concentrations
in and across surface waters. Although it remains a correction
method based on extrapolation, rescaling has demonstrated the
ability to reduce the artifact of different size ranges used when
comparing number concentration data across studies.

Rescaling Species Sensitivity Distributions for Envi-
ronmental Microplastic. Equations 3−8 were used to
rescale and align the threshold effect concentrations of a
traditional SSD (Figure 3A). This SSD uses effect concen-
trations for ingestible microplastics, which were thus 100%
bioavailable in the laboratory tests. However, in nature, a much
wider environmental microplastic continuum is present, part of
which is not bioavailable for organisms that ingest microplastic,

Figure 2. Cumulative frequency distribution of original global
microplastic concentrations in surface freshwater taken from 15
(black curve), the same data consistently rescaled to 1−5000 μm,
(blue curve), compared to the concentration (ECX,env; eq 8)
protecting 95% of species obtained from threshold effect concen-
trations corrected for bioavailability and polydispersity as defined by
probability density distributions for environmental microplastic (HC5,
vertical orange line, obtained from the SSD in Figure 3B).
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for instance, because it would have a size larger than the
organisms’ mouth opening.40 The traditional SSD (Figure 3A)
further used the threshold effect number concentrations from
the literature as reported, neglecting that two identical number
concentrations do not mean the same thing if they relate to
microplastic particles of different sizes, shapes, and densities,
which in fact are different stressors. The effect threshold
concentrations reported so far are thus incomparable.19−24

Therefore, our rescaling concerned two corrections. First, all
reported threshold effect number concentrations from effect
tests largely performed with monodisperse MP suspensions
were converted into “environmentally realistic” threshold effect
number concentrations for the ingestible size range of particles,

with the size distributions of these particles matching those of
the ingestible polydisperse environmental microplastic, and
assuming preservation of ingested volume (eq 5). Second, the
bio-unavailable fraction of environmental microplastic was
corrected. Threshold effect concentrations were calculated so
they relate to the fraction of environmental microplastic that is
ingestible by the species based on size and density. To this end,
ingestible size ranges were defined for each of the species,
based on literature data (Tables S1 and S2). The ratio of
species size and maximum ingestible MP size is 50.5 ± 14.9 (n
= 8) on average, which agrees well with the range of 40 to 50
recently reported for small invertebrate species.41 Autotrophic
phytoplankton and macrophyte species were not supposed to
ingest microplastic particles, in which case the bio-unavailable
fraction of environmental microplastic was assumed to be
negligible. From the MC simulations, it appeared that the
ingestible percentages ranged from 93 (Ceriodaphnia dubia) to
99% (Haworthiopsis attenuata) based on particle numbers
(Figure S2A), and from 0.0054 to 1.7% based on mass (Figure
S2B). The difference in these percentages is explained by high
numbers of small particles calculated to be ingestible, which,
however, represent very little mass. Microplastic is thus highly
bioavailable when expressed in number concentrations, yet
marginally bioavailable when expressed in mass concentrations.
As for density, all polymer types are sometimes reported at the
water surface, in the water column, or in sediments.4

Therefore, for the current implementation, we assigned all
polymer densities to be available for all species.
As a result of these corrections, the recalculated x-axis values

now consistently relate to the environmental microplastic
concentrations (ECX,env) needed to provide a bioavailable
fraction with a volume equal to the ingested volume at the
threshold effect concentration in the laboratory tests (Figure
3B). Consequently, the order of the species in the SSD
changes because differences in bioavailability and ingestibility
are now taken into account. Furthermore, the hazardous
concentration for 5% of the species (HC5) changes from 251
#/L (Figure 3A) to an ingestible volume as well as a
bioavailability-corrected effect threshold of 75.6 #/L (Figure
3B, R2 = 0.940, 95% confidence interval: 11−521 #/L). Here,
it is emphasized that the two HC5 values 251 and 75.6 #/L
cannot be compared directly because they relate to different
things. In Figure 3A, each x-axis value relates to a
concentration of another stressor (i.e., microplastic particles
of different sizes, shapes, densities), which means that the HC5
value is fundamentally flawed and largely meaningless. In
Figure 3B, x-axis values all relate to the same variable: the
concentration of “1−5000 μm polydisperse environmental
MP”. In this example, they are defined by the probability
distributions provided by Kooi and Koelmans.4 The effect
threshold of 75.6 #/L can thus be compared with exposure
concentrations as long as these are also measured or rescaled
to cover the same size range of 1−5000 μm, e.g., like those
calculated in the previous section.
The MC simulations provided an accurate number to mass

conversion, as for each individual simulated particle, size,
shape, and density were sampled from their respective
probability density functions, from which particle weight was
calculated. This yields estimates of the characteristics of a
single, average environmentally relevant microplastic particle: a
weight of 12.5 μg, a volume of 0.011 mm3, and a density of
1.141 g cm3. For the ingestible particles, these simulations were
used to construct a mass concentration-based SSD with an

Figure 3. Species sensitivity distributions for microplastic based on
laboratory data for different types of particles (panel A, R2 = 0.896,
HC5 = 251 #/L), and based on the same data after corrections for
bioavailability and polydispersity at the threshold effect concentration
resulting in (ECX,env) x-axis values in particles/L (panel B, R2 = 0.940,
HC5 = 75.6 #/L) or mg/L (panel C, R2 = 0.940, HC5 = 0.94 mg/L).
Gray curves relate to 95% confidence intervals.
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effect HC5 threshold of 0.95 mg/L (Figure 3C, R2 = 0.940,
95% confidence interval: 0.14−6.5 mg/L). Note that this
concentration equates to the product of the number-based
threshold (75.6 #/L) and the average weight of an individual
particle (12.5 μg).
Risk Characterization Using Rescaled Exposure and

Effect Threshold Data. Risk assessment implies a compar-
ison of predicted environmental concentration (PEC) with
species sensitivity, often expressed as predicted no effect
concentration (PNEC).1,2 Risk is indicated when the PEC/
PNEC ratio is larger than 1.1 Previous assessments for
microplastic suffered from the fact that PEC and PNEC data
were incomparable. For instance, exposure data were often
reported for particles larger than 100 or 300 μm, whereas
laboratory tests usually used much smaller particles, e.g., <20
μm.2 The aforementioned correction methods allow for a more
consistent PEC/PNEC comparison for 1−5000 μm micro-
plastic, that is, with all data recalculated to match an
environmentally relevant size distribution for this size range,
and with correction for those parts of the microplastic size,
shape, and density continuum that are not available for species.
The latter depends on species traits (Table S1). Here, we used
the cumulative frequency distribution of 1−5000 μm global
microplastic concentrations in surface freshwater (Figure 2).15

They can be compared to the concentration protecting 95% of
species (HC5) obtained from threshold effect concentrations
also rescaled for bioavailable fraction, size, shape, and density
as defined by probability density distributions for environ-
mental microplastic in water (Figure 2, vertical line). The
comparison shows that based on these available data, risk
would be indicated for only a very small percentage (1.5%) of
the locations in the data set. For the ten locations at the right-
hand side of the risk threshold, PEC/PNEC ranges from 1 to
10, with an average of 3.7. This quantitative assessment
supports the conclusions of two recent reports stating that at
present, risks of microplastic are not widespread, but could
occur at (rare) hotspot locations.2,6 The comparison is still
surrounded by uncertainty as can be seen from the rather high
uncertainty interval for the SSD (Figure 3B), which ranges
from 11 to 521 #/L for the HC5. In other words, if we take the
lower limit of the 95% confidence interval, i.e., 11 #/L, risk
would be indicated for 28% of the locations. Conversely, we
can say risk is really unlikely for 72% of the locations in the
data set. Obviously, these percentages are not representative
for “all locations in the world,” given that the data set we
used15 is not necessarily representative.
Implications and Prospects. Because microplastic is

perceived as a diverse and complex mixture, researchers have
suggested focusing on its components.5 Although this may
seem reasonable at first sight, the question is whether this
strategy of complexifying microplastic is the best way forward.
This view may lead to fragmentation and delay of research
effort. After all, testing all of the possible combinations of
particles that make up environmental microplastic with all
possible endpoints in biota is a daunting, if not, impossible
task. From an ecological or human health point of view,
assessing the risk of all of the components of microplastics is
insufficient. For exposure, the bioavailable fraction of the
whole plastic continuum is relevant, whereas that bioavailable
fraction in itself is a continuum across all biota present in the
biosphere. Therefore, innovative concepts and tools need to be
developed to understand the joint behavior and risks of the
plastic continuum within the biological continuum. We

propose that by using such tools, the complexity of
microplastic can be reduced to the extent required to assess
their risk. To some extent, this is similar to the previous
development of quantitative structure−activity relationships
(QSARs)42,43 to understand the toxicity of wide ranges of
different organic chemicals.
A rescaling methodology to increase the comparability of

concentration data obtained with different measurement
methods as well as a methodology to align exposure and
effect data to get a consistent characterization of risk have been
presented. The essence of these methodologies is that the
measured diversity of environmental microplastic is captured
via continuous probability density functions, which subse-
quently allow for quantitative rescaling and corrections while
fully preserving this diversity. This is not necessarily limited to
microplastics because the same concepts are applicable to
macroplastics and nanoplastics as well. Providing, explaining,
and testing the method was the primary aim of this paper, not
necessarily providing the final answers with respect to
concentrations and risks of microplastic in the environment.
After all, the data used in the present paper may be the best
available but still need to be renewed and expanded for several
reasons. For instance, the most recent chemometric procedures
to analyze microplastic spectroscopic data are able to provide
particle number, size, shape, polymer type, and therefore
weight, in one go.32,44 This will inevitably lead to more
accurate data and possibly refined and different parameter-
izations of the probability density functions. It is thus
recommended to use automated analysis and always report
and interpret analytical data also in the form of such functions.
This will make it possible to assess how accurate para-
metrizations for average microplastic are, and whether they
need to become compartment specific. A second reason is that
the concentration data for surface waters used in the present
analysis (Figures 2 and 3) partly relate to less reliable
methodologies.15 We expect future studies to deploy higher
levels of quality assurance during sampling, laboratory
handling, and detection of microplastics, which will thus also
affect the outcomes of the example calculations provided here.
A third reason relates to SSDs, which already have been
qualified as sophisticated,45 high-level risk assessments,6 and
have been used to inform the risk assessment for microplastic
particles as done by several international expert groups.2,6,24

However, they have conceptual flaws as explained and they still
have limited data. A new SSD based on best available data for
freshwater species was provided here. The SSD focuses on
food dilution by low-caloric plastic particles as the effect
mechanism. Other mechanisms may also play a role but data
for these are still insufficient to build SSDs on.35 Generating
new experimental data to build new SSDs was beyond the
scope of the present study. However, higher quality and
uniformity in future microplastic effects tests are expected.35,46

The applicability of our methodologies goes beyond the
aforementioned examples. For instance, imagine an effect
mechanism where membrane translocation of <3 μm
particles47−49 is followed by distribution in the body tissues
and subsequent inflammation responses, which could be
relevant for human health as well as for ecological risks.2 In
such a case, exposure would benefit from the method provided
to align concentration data, whereas alignment of effect
threshold data still would benefit substantially from the
representation of environmental microplastic via probability
density functions.4 The relevant particle size fractions were
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now quantified by sampling from the MP parameter space for
particles that fit in an organism’s mouth opening, which after
all is an important prerequisite for food dilution. However, for
translocation, followed by inflammation, one should sample
the 10 nm to 3 μm size fraction, while further only selecting
particles with an aspect ratio considered to be relevant for the
specific inflammatory response.
In conclusion, the presented toolkit would be useful for any

type of microplastic exposure and effect studies, from
ecological to human health, and would lead to more
meaningful risk assessments in the future.
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L.; Kerros, M. E.; Leoń, V.; Tirelli, V.; Suaria, G.; Lopes, C.;
Raimundo, J.; Caetano, M.; Gago, J.; Viñas, L.; Carretero, O.;
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