'," frontiers

in Environmental Science

SYSTEMATIC REVIEW
published: 21 August 2020
doi: 10.3389/fenvs.2020.00131

OPEN ACCESS

Edited by:

Juliana Assungéo Ivar Do Sul,
Leibniz Institute for Baltic Sea
Research (LG), Germany

Reviewed by:

Robson G. Santos,

Federal University of Alagoas, Brazil
Kennedy Bucci,

University of Toronto, Canada

*Correspondence:
Sophia Reichelt
Sophia.Reichelt@aces.su.se

Specialty section:

This article was submitted to
Toxicology, Pollution and the
Environment,

a section of the journal

Frontiers in Environmental Science

Received: 12 May 2020
Accepted: 16 July 2020
Published: 21 August 2020

Citation:

Reichelt S and Gorokhova E (2020)
Micro- and Nanoplastic Exposure
Effects in Microalgae: A Meta-Analysis
of Standard Growth Inhibition Tests.
Front. Environ. Sci. 8:131.

doi: 10.3389/fenvs.2020.00131

Check for
updates

Micro- and Nanoplastic Exposure
Effects in Microalgae: A
Meta-Analysis of Standard Growth
Inhibition Tests
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Department of Environmental Science (ACES), Stockholm University, Stockholm, Sweden

Background: Ecological impacts of micro- and nanoplastics particles (MNP) are among
the most discussed environmental concerns. In algae, MNP are commonly hypothesized
to reduce growth, which is a standard ecotoxicological endpoint. However, the reported
test outcomes vary, with both growth inhibition and stimulation being observed. Due to
this conflict of information, a data synthesis for MNP potential to cause growth inhibition
in toxicity testing is needed.

Methods: We performed a meta-analysis study to assess the effect of MNP exposure
on algal growth. Twenty studies published between 2010 and 2020 and representing
16 algal species and five polymer materials administered as particles in size range
0.04-3,000 wm were included in this meta-analysis. A random-effect model was used to
estimate the effect size in three datasets: (1) Low concentration range (<100 mg/L), (2)
High concentration range (>100 mg/L), and (3) Full range model (0.004—1,100 mg/L),
which encompassed all studies using the combination of experimental settings (test
species, MNP concentration, polymer material, and particle size) yielding the highest
effect size within a study.

Results: The exposure to MNP was not significantly associated with growth inhibition
in any of the models tested. However, a high heterogeneity between the studies
was found in all three models. Neither MNP concentration nor polymer material
contributed significantly to the heterogeneity, whereas polymer density had a significant
moderating effect, with a higher risk of growth inhibition at lower densities. We also
identified a publication bias, with small studies that reported significant inhibition being
overrepresented in our dataset.

Conclusions: The meta-analysis found limited evidence for MNP effect on microalgal
growth in the standard algal growth inhibition test. The heterogeneity and varying
methodological quality of studies limited the interpretation and the confidence in the
findings. For hazard assessment, standardization and controlled exposure are needed
as well as more sensitive endpoints that can inform us about the effect mechanisms.
Finally, using particle-free controls in such tests cannot account for the presence of inert
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particulates in the test system, and, hence, does not allow to attribute observed effects

to the test polymers.

Keywords: metaanalysis, algal growth inhibition, hazard assessment, nanoplastics, microplastics, particulate

matter, suspended solids

INTRODUCTION

The pollution by plastic litter is ubiquitous in aquatic
environments, both freshwater (Rodrigues et al, 2018)
and marine (Anderson et al, 2016). Once released in the
environment, plastics undergo weathering and fragmentation
due to chemical, mechanical, and biological degradation.
These processes generate smaller particles collectively known
as secondary micro- (MP; <5mm) and nanoplastics (NP;
<0.1 wm), the main contributors to an environmental load
of plastics (Andrady, 2011). Primary MP (e.g., microbeads)
manufactured for use in industry, personal care products,
and medicine are also contributing to the plastic pollution
worldwide, although to a lesser extent than secondary MP
and NP.

Given the global nature of the plastic littering, accurate
characterization of the impacts of these environmental
contaminants is essential for risk assessment. The current
concern is that both MP and NP (MNP) are harmful to
aquatic biota. However, while some studies report adverse
effects (Casado et al., 2013; Della Torre et al., 2014; Au et al,,
2015), no-effect observations in laboratory tests with plants
and animals are also common (Watts et al., 2016; Long et al.,
2017; Chae et al., 2018). Moreover, the effect mechanisms
specific for MNP in microorganisms, plants, and animals are
largely unknown. Due to this conflict of information, more
studies on environmental fate and biological effects of these
emerging environmental contaminants in various organisms
are needed.

The exposure to anthropogenic polymer particles is
particularly relevant for lower trophic levels within food
webs (Yokota et al., 2017), because (1) this is the entry point into
the food web affecting the baseline load of MNP in consumers,
(2) negative impacts on primary producers and primary
consumers may change food resources and translate into adverse
effects on higher consumers and food web functions, and (3)
interactions of MNP with bacterio- and microplankton may have
implications for biogeochemical cycling in ecosystems (Rogers
et al., 2020). Moreover, similar to other particulates in the water,
MNP form aggregates with detritus and microorganisms, which
facilitate sedimentation and transfer of these contaminants in
the food web but can also affect microbial growth and physiology
(Ward and Kach, 2009; Long et al., 2017; Mao et al., 2018) and
downward fluxes in the system (Rogers et al., 2020). Therefore,
exposure of algae and other microorganisms to MNP should be
a part of the risk assessment for plastic litter.

It has been shown that exposure to MNP can inhibit algal
growth (Casado et al., 2013; Besseling et al., 2014; Bergami et al.,
2017), chlorophyll content (Besseling et al., 2014; Zhang et al.,
2017), and photosynthetic activity (Bhattacharya et al., 2010).

For example, Besseling et al. (2014) reported a typical dose-
response for the freshwater alga Scenedesmus obliquus exposed
to polystyrene (PS). However, the particle concentrations
inducing significant growth inhibition are much higher than
MP concentrations reported from the aquatic environments
(Eerkes-Medrano et al., 2015; Li et al., 2018). When the test
concentrations resemble the levels of suspended solids that are
typical for surface waters, the observed effects on algal growth
and physiology appear to be limited (e.g., Long et al., 2017; Prata
et al., 2018) or even positive, i.e., growth stimulation can be
observed (e.g., Yokota et al., 2017; Canniff and Hoang, 2018).
Also, the observed responses may vary during the exposure;
for instance, for Chlorella pyrenoidosa, growth inhibition was
observed in the exponential phase of the growth curve, whereas
during the stationary phase, this trend was reversed, and growth
exceeded that in control (Mao et al, 2018). Such biphasic
responses indicate that algal populations are able to adapt to
the presence of particulates, including MNP, and sustain high
productivity (Sjollema et al., 2016; Long et al., 2017; Yokota
et al., 2017; Zhang et al., 2017; Mao et al.,, 2018; Prata et al.,
2018). What is more important for the risk assessment is that
it is not always clear whether the observed effects can be
attributed, at least partially, to changes in the experimental
conditions related to the presence of particulate material in
the test system, such as high turbidity, nutrient limitation,
and poor light penetration (Besseling et al., 2014; He et al,,
2017), which are not necessarily specific to the polymers as
test materials.

When testing MNP effects on biota, it is surprising that the
general effects of suspended solids in the exposure systems are
largely ignored, although there is a consensus that suspended
particles of a particular geochemistry and size range induce
various responses in aquatic organisms (Gordon and Palmer,
2015). In algae, sediment particles, and other organic and
inorganic solids can cause growth inhibition (Cahoon et al,
1999). Consequently, the concentration of suspended solids in
effluents is recognized as an important parameter that should
be under control in toxicity testing (Hatch and Burton, 1999;
He et al., 2017). Levels of suspended solids that cause adverse
effects vary depending on the algal species and other components
in the test system (Bilotta and Brazier, 2008). With respect to
setting thresholds beyond which impacts on biota would be
negligible, the estimates vary from 20 to 100 mg/L (Bilotta
and Brazier, 2008; Gordon and Palmer, 2015; Chapman et al.,
2017). A threshold value of 100 mg/L suggested by U.S. EPA
(2015), has been used in the comparative analysis of the fossil-
based polymers and natural particles (Ogonowski et al., 2018). In
the latter study, it was found that median toxic concentrations
were very similar between natural particles (such as clay and
cellulose) and MP; moreover, these concentrations were within

Frontiers in Environmental Science | www.frontiersin.org

August 2020 | Volume 8 | Article 131


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Reichelt and Gorokhova

Nano/Microplastic Effects on Algal Growth

environmentally acceptable levels for suspended solids (Gordon
and Palmer, 2015).

A recent review and meta-analysis by Bucci et al. (2019)
based on 66 studies evaluating microplastic effects in aquatic
organisms suggested that the crucial parameters influencing
the test outcome are particle concentration, their shape, and
size. In particular, fibers were found to be more hazardous
than beads and fragments; moreover, for smaller particles, the
adverse effects were more likely to be detected (Bucci et al,
2019). This meta-analysis provided a useful synthesis of the
experimental data; unfortunately, only six studies examining
effects in algae were included in the data set. Other critical
reviews for various effects of MP in biota (Foley et al., 2018)
and the effect concentrations (Ogonowski et al., 2018) also
indicate a high variability across the reports and a lack of
comprehensive data sets for algae compared to invertebrates
and fish (Bucci et al., 2019). As effect mechanisms are likely
to differ between the producers and consumers, it is necessary
to conduct a comparative analysis focusing on specific groups
of biota.

Given the variability of the responses, it has been
recommended to use meta-analysis to support the risk
assessment of plastic litter and the development of the
appropriate test systems (Bucci et al, 2019). Indeed, single
trials with often contradicting reports, small sample sizes,
variable exposure conditions, and a diversity of species used
in the experiments are difficult to synthesize. Meta-analysis
permits an evaluation of the effect sizes across different studies
by increasing the statistical power and analyzing the variability
between studies. In toxicology, the meta-analysis techniques
allow generalizing tendencies, resolving uncertainties, and
identifying promotors of the effects. Based on the outcome
of the meta-analysis, new hypotheses, and experimental
designs can be generated (Fagard et al., 1996) to improve
mechanistic understanding of the hazard potential of the
plastic litter.

To critically evaluate the current experimental evidence for
adverse effects of MNP in algae, we reviewed available studies
and conducted a meta-analysis. The aim was to determine the
associations between the exposure to MNP and the risk of growth
inhibition in unicellular freshwater and marine algae, with a
particular focus on the responses observed below and above the
threshold concentration of 100 mg/L adopted by US EPA. Based
on the current literature suggesting inhibitory effects of MNP
on algal growth, we put forward the following hypotheses: (H1)
exposure to plastic particles causes growth inhibition, which is
concentration-dependent, (H2) particle size, shape, and polymer
material moderate to the variations in the effect size, (H3) the
inhibitory effect decreases with increasing exposure duration;
and (H4) freshwater and marine species respond similarly to the
exposure. When testing these hypotheses, we focused on both
nano- and microplastics, owing to their global relevance, public
concerns, and ecologically plausible interactions with algae in
both freshwater and marine ecosystems. Also, from the ecological
perspective, there is NP-MP size continuum that organisms are
exposed to in situ and, therefore, considering the entire spectrum
in the meta-analysis is environmentally relevant.

METHODS AND MATERIALS

Data Sources and Search Strategy

Studies examining the response of algae to nano- and
microplastic exposure were retrieved from Web of Knowledge
and Google Scholar databases. We used broad-range search
combining keywords: microplastic, nanoplastic, exposure, algae,
and experiment, and targeting article title, keywords, abstract, and
subject headings. When screening the retrieved studies, we paid
attention to the experimental design, including information on
the physicochemical properties of the test particles reported in
the paper. In some cases, when the polymer material was specified
but its density was not, we used a polymer-specific value obtained
from Omnexus Plastics Database!.

The publication date was not restricted; however, the last
search was conducted on January 14, 2020. Further studies were
sought by manually searching reference lists of the selected
articles. In addition, given the paucity of the published reports,
we included one study deposited in the bioRxiv* manuscript
repository (Gorokhova et al., 2020) and one M.Sc. thesis
(Rogstad, 2019); both studies met the selection criteria.

The completed search yielded 28 studies, which were
further screened according to the following criteria: (i) effects
of exposure were quantified in a controlled experiment,
(ii) experimental results were reported with basic statistical
measures, including sample size, mean, and variance for the
endpoint measured, (iii) primary information on the polymer
material used in the exposure experiments, test concentrations
of the particle suspension, and particle size were presented
within the paper or in its Supplementary Materials, and (iv)
the endpoints used in the experiment were relevant for standard
growth inhibition test with the growth measured either by cell
count or fluorescence (OECD, 2011). We used growth inhibition
because it is a standard endpoint in current toxicity testing
with microalgae. This screening resulted in 20 studies that met
the selection criteria and, hence, were included in the meta-
analysis; see Figure 1, Table 1, and Supplementary Table S1 for
an overview of the studies included in the final data set and
those that failed to meet the selection criteria. In most cases,
the grounds for not including a study in the final selection
were related to a lack of appropriate growth measurements,
insufficient reporting of primary results (e.g., missing variance
metrics), and insufficient description of the experimental setup
(Supplementary Table S1).

Data Extraction

From each study, we extracted the following data: (1) authors
and year of publication, (2) test species, (3) observed response
in the treatment (exposure to the test material in the culture
medium) and control (no exposure to any suspended solids,
culture medium only), (4) method used to measure a change
in algal population size by cell counting or fluorescence-based
techniques, (5) a set of exposure system characteristics (salinity
and exposure duration), and (6) microplastic characteristics

Uhttps://omnexus.specialchem.com/polymer- properties/properties/density

2ywww.biorxiv.com
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28 potentially
usable studies

<100 mg/L

27 model entries

selection of
model entries

28 model entries

FIGURE 1 | Workflow for data selection and grouping. To investigate effects at the low and high levels of MNP in the tests, the studies were assigned to three models:
Low concentration model (<100 mg/L), High concentration model (=100 mg/L), and Full range model (0.004-1,100 mg/L). The threshold of 100 mg/L was used
following the recommendations for suspended solid concentrations in stormwater (U.S. EPA, 2015).

8 studies

yes

>100 mg/L

12 model entries

Full range

(polymer material, particle size, concentration, shape, and
density). For the continuous responses representing a
change in the algal population abundance, values for mean,
variance (standard deviation, SD), and sample size (number of
experimental units in treatment and control) were used. When
possible, the mean and variances were extracted from tables
and text of the publication; however, when these results were
presented only as graphs, they were retrieved using Image]
version 1.52a (Abramoff et al., 2004). If SD in control was set
to zero, the SD of the treatment was used together with both
control and treatment mean (Wiebe et al., 2006).

Selection Criteria and Data Structure

Studies included in this analysis were conducted to measure
algal growth inhibition following—at least to a large extent—the
OECD guidelines (OECD, 2011) (Table 1). Multiple experiments
per study were used when they were conducted independently,
e.g., with different polymer materials (e.g., Bergami et al., 2017;
Rogstad, 2019; Gorokhova et al., 2020) or different algal species
(e.g., Long et al.,, 2017). Given the focus of our analysis, this

was considered appropriate as long as the exposure effect was
measured in independent trials within a study.

The study entries were grouped in relation to the threshold for
exposure concentration that was set to 100 mg/L, the level below
which no adverse effects on aquatic biota would be expected; this
value was based on the regulations for the total suspended solid
concentration in stormwater and various effluents (U.S. EPA,
2015). Based on the particle concentration in the experimental
system, we generated three datasets: (1) Low concentration model
(<100 mg/L); here, no growth inhibition due to non-specific
effects of suspended solids, such as shading or nutrient sorption,
was expected to occur, (2) High concentration model (>100
mg/L); under these conditions, the non-specific effects were
likely and, thus, growth inhibition was expected. Therefore,
we expected to observe a more pronounced inhibition in the
High concentration model compared to the Low concentration
model. In both datasets, when study design included multiple
test concentrations and exposure durations, we aimed at a
conservative estimate from the environmental perspective and
used experimental settings that yielded the most considerable
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TABLE 1 | Overview of studies testing micro- and nanoplastic effects on algal
growth that were included in the meta-analysis.

References Polymer Exposure Parameter Analysis
time (d) measured method
Bergami et al. PS-COOH 3 Cell count Hemocytometer,
(2017) PS-NH2 3 light microscopy
Besseling PS 3 Cell count Automated cell
et al. (2014) counter
Canniff and PE 5 Cell count Hemocytometer,
Hoang (2018) light microscopy
Chae et al. PE 6 Fluorescence  Fluorescence
(2019) microplate
reader and flow
cytometry
Chae et al. PS 3 Fluorescence  Fluorescence
(2018) microplate
reader
Davarpanah PE 4 Cell count Hemocytometer,
and light microscopy
Guilhermino
(2015)
Fu et al. PVC 10 Cell count Hemocytometer,
(2019) Aged PVC 10 Cell count light microscopy
Gambardella PS 3 Cell count Hemocytometer,
etal. (2018) light microscopy
Garrido et al. PE 3 Cell count Coulter counter
(2019)
Gorokhova PET 3 Fluorescence  In-vivo
et al. (2020) Aged PET 3 fluorometry
Guo et al. PE 4/9 Cell count Hemocytometer,
(2020) PVC 4/9 light microscopy
Long et al. PS 15/22/23  Cell count Fluorescence
(2017) and flow
cytometry
Nolte et al. PS 3 Cell count Coulter counter
(2017)
Prata et al. PE 4 Fluorescence  Fluorescence
(2018) Microscopy
Rogstad PES 13 Cell count Electronic
(2019) PA 13 particle counter
Sjollema et al. PS 3 Fluorescence  Fluorometry and
(2016) flow cytometry
Suetal. PS 7 Cell count Sedgwick-Rafter
(2019) chamber, light
microscopy
Yokota et al. PS 21 Cell count Light
(2017) microscopy and
electronic
particle counter
Zhang et al. PVC 4 Cell count Hemacytometer,
(2017) light
microscopy
Zhao et al. PVC 4 Cell count Hemacytometer,
(2019) light
microscopy

Test polymers, exposure time (days), measured parameter used to derive growth and
analysis methods used in the trials are specified. PE, polyethylene; PES, polyester; PA,
polyamide; PS, polystyrene; PET, polyethylene terephthalate; PVC, Polyvinyl chloride.

effect size for a given polymer material or a species tested. In
addition, a dataset that included all studies was used as (3) Full
range model (0.004-1,100 mg/L), which included entries with the
combination of the experimental settings (MNP concentration,
polymer material, particle size, etc.) yielding the highest effect size
for a specific study. In this model, we expected to see a stronger
evidence for the effect size being affected by MNP concentration
and particle size because of the broader span of values for these
parameters in the dataset.

Calculation of Effect Sizes

The effect size (Cohen’s d; Equation 1) was calculated using
observations for treatment (i.e., exposed algae) and control (i.e.,
algae that were grown in pure culture medium):

(ny — 1) x SD% + (nc — 1) * SD%
nr—nc —2

d = (Meant — Meanc)/
(1)

where nr and nc are sample sizes in treatment and control,
respectively; SDy and SDc¢ are standard deviations in treatment
and control, respectively; and df is degrees of freedom.

The calculated Cohen’s d values were adjusted using a
correction factor J (Equation 2):

3

TRy

2)

This correction accounts for a small sample size (Nakagawa and
Cuthill, 2007; Borenstein et al., 2009; Hedges and Olkin, 2014);
the resulting estimate is referred to as Hedge’s ¢ (Equation 3).

g=Jx*d (3)

If only standard error (SE) and sample size (1) were reported, we
calculated SD for each group as:

SD = SE % /n (4)

The sampling variances corresponding to the observed outcome
(Hedges’ g) were calculated as:

_ (nc+nr) 'S

2 x (nc + nr)

Vv (5)

nc x nur

The standardized unbiased effect size estimated as Hedges g and
the related sampling variance were used in the meta-analysis.

Meta-Analysis

The meta-analysis was conducted with the R package metafor
version 2.1.0 (Viechtbauer, 2010) using the R studio version 3.6.0
(R Core Team, 2019) and the computed Hedges’ g and V values.
Because study design and test species varied across the studies,
a random-effects analysis was used to allow for heterogeneity of
the true effect sizes among the studies (Borenstein et al., 2010).
The impact of each entry was weighted based on sample size
and illustrated by the size of the symbol in the figures. Pooled
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estimates of the outcomes were reported as a forest plot depicting
the mean effect size and the associated 95% confidence intervals
(95% CI). Prediction interval (95% PI) was calculated to estimate
the interval that a new observation would fall into (IntHout et al.,
2016) as opposed to the uncertainty estimated by the 95% CI of
the effect size. The mean effect size, 95% CI and 95% PI were
estimated for each model.

Exploratory random-effects meta-regression analysis was used
to investigate the moderating role of exposure time, MNP
concentration, particle size, polymer density, and temperature.
In addition to the particle size, the ratio between the longest
linear dimension of the algal cell (Supplementary Table S2) and
the nominal size of the test particle (cell-to-particle size ratio)
as a continuous predictor of the effect sizes was evaluated. The
effect was considered significant when the regression slope was
significantly non-zero. To estimate the percentage of variance
accounted for by the moderator, an R? index was calculated
(Lépez-Lépez et al,, 2014). While the R? index has a range of 0-
100%, it is possible for sampling error to yield a value of R? that
falls outside of this range. In that case, the value is truncated to
either 0% (if the estimate falls below 0%) or to 100% (if it falls
above 100%). Categorical parameters, such as polymer material
(PS vs. PE vs. PVC), particle shape (spherical vs. non-spherical),
particle size category (MP vs. NP), and origin of the test algae
(freshwater vs. saltwater species), were also explored as a source
of heterogeneity. Finally, we tested whether different approaches
for growth measurement (cell count by light microscopy or
electronic means vs. fluorescence-based methods) contributed
to the heterogeneity because these approaches have different
precision and sensitivity; they also address different aspects of
algal growth (Butterwick et al., 1982). The effect of a categorical
predictor was considered significant when the 95% CI range did
not include zero.

Assessing Publication Bias and Heterogeneity

Funnel plots were used to assess publication bias by plotting
the effect size vs. the standard error (Sterne and Egger, 2001;
Peters et al., 2008). Using these plots, we tested whether there
is a relation between the effect size of a study and its precision.
First, the Egger’s test was applied to evaluate the asymmetry of the
plot (Egger et al., 1997), which may result from excluding non-
significant studies or presence of studies with small sample sizes.
Further, we applied the trim-and-fill method, which is an iterative
rank-based method, to estimate the number of missing studies in
the dataset and their effect on the meta-analysis outcome (Duval
and Tweedie, 2000). Lastly, a sensitivity analysis was applied to
assess the importance of bias.

Between-study heterogeneity in study-specific effects sizes was
evaluated with the Q statistic (Higgins et al., 2002). The Q-test
is based on the chi-square distribution and provides a measure
of the sum of the squared differences between the observed and
the expected results in each study under the assumption that each
study estimates the same treatment effect (i.e., growth inhibition).
When all studies share the same effect size, the expected Q value
is equal to the degrees of freedom (the number of studies minus
1), whereas a higher Q value indicates heterogeneity. The I
statistics was calculated as a measure to assess the percentage of

variation due to heterogeneity between the studies rather than
chance alone (Higgins and Thompson, 2002).

RESULTS

Overview of the Datasets

The set of studies used for meta-analysis included 20
publications, with 67 data entries (Figure1) allocated to
three datasets: (1) Low concentration model (<100 mg/L; 0.004-
99 mg/L; 27 entries, 19 studies), (2) High concentration model
(=100 mg/L; 100-1,100 mg/L; 12 entries; 10 studies), and (3)
Full range model (0.004-1,100 mg/L; 28 entries; 20 studies). The
majority of entries (65%) presented tests with saltwater algae,
among which Dinophyceae and Prymnesiophyceae were the
most common (13 and 9%, respectively), whereas Chlorophyceae
were the most frequent species (36%) used in the studies with
freshwater algae; only four out of 16 species were used in more
than a single study (Supplementary Figure S8).

Across the selected studies, the particle size and MNP
concentration ranged from 0.04 to 3,000 pm and 0.004 to 1,100
mg/L, respectively (Figure 2). The mean and median values for
the particle size were 213 and 2 pm, respectively. Only six studies
used particles in the nano-range, whereas 70% of studies used
particles larger than 0.1 wm. The mean and median values for
MNP concentration used in the exposure experiments were 182
and 50 mg/L, respectively.

Many studies used polystyrene (PS; 45%) followed by
polyethylene (PE; 25%) and polyvinyl chloride (PVC; 20%);
others used polyethylene terephthalate (PET), polyester (PES)
and polyamide (PA). The polymer densities ranged between 0.99
and 1.40 g/cm®. In most cases, the plastics were virgin, and only
two studies used weathered PET and PVC; moreover, one study
used functionalized PS. With regard to the particle shape, 85%
of studies used spherical particles. Due to the limited number of
studies that used fibers and irregular fragments and the similarity
of the effects observed in these studies, these entries were grouped
as non-spherical particles for moderation analysis.

To assess changes in algal growth, the majority of the
studies used cell count (75%; either microscopy-based or using
electric counters), whereas fluorometry was less common (25%).
Moreover, the fluorometry-based methods varied among the
studies and included flow cytometry, in vivo fluorometry of
Chlorophyll a, and fluorescence microscopy with image analysis.

Effects of Exposure to MNP on Algal

Growth

Effects Observed at MNP Concentrations Below 100
mg/L

In the Low concentration model, the effect size was overlapping
with zero in 66% cases, whereas significant growth inhibition
and stimulation were observed in 26 and 7% cases, respectively
(Figure 3, upper panel). The mean effect size of the MNP
exposure was —0.22, indicating decreased algal growth compared
to the particle-free controls; however, the 95% CI for the mean
effect size overlapped with zero [—0.90-0.45]. Therefore, mean
growth in the exposed algae was not significantly different
from that in controls. The 95% PI ranged from —3.20 to 2.75,
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A B C D
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Bergami et al., 2017 * *» *
Besseling et al., 2014 L 2 JIR 4 * *
Canniff and Hoang, 2018 L * * *
Chae et al., 2019 * » * *
Chae et al., 2018 L R 4 * L 2
Davarpanah and Guilhermino, 2015 L 2 4 * * *
Fuetal., 2019 * * * LR
Garrido et al., 2019 * * * *
Gambardella et al., 2018 * * 9 *
Gorokhova et al., 2020 * & o * *
Guo et al., 2020 * * +* L3I 4
Long et al., 2017 | & <* L *
Nolte et al., 2017 0 * * *
Prata etal., 2018 * > * * *
Rogstad et al., 2019 * o * * * * *
Sjollema et al., 2015 * » * * *> *
Suetal., 2019 . . .
Yakota et al., 2017 * L 4 L) *
Zhang et al., 2017 * * * * LR 4
Zhao et al., 2019 0 * *
T T T T T T T T T T T T T T T
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FIGURE 2 | Variability of the main parameters in the global dataset used in the meta-analysis: (A) MNP concentration (mg/L), (B) particle size (um), (C) polymer
density (g/cm?), and (D) particle shape. The mean and median values are shown by solid and dotted lines, respectively. The effects on algal growth reported by the
authors in each study are indicated by the color coding; red, negative effect; black, no effect; and green, positive effect. Note logarithmic scale on the x axes for (A,B).

indicating that both positive and negative effect sizes are nearly
equally plausible for a future test employing similar design.

The heterogeneity was high and significant (Q = 100.20; I?
= 75.8%; p < 0.001), indicating divergent responses among the
studies that cannot be attributed to chance alone. Results of
the exploratory meta-regression showed that polymer density
was a significant positive predictor (p < 0.03; Figure 4A),
i.e, with increasing density, the growth inhibition was less
likely. The moderator explained 37% of the heterogeneity
in the model. Particle size showed a similar trend, albeit
explaining only 14% (p > 0.07; Supplementary Figure S2A),
implying that growth inhibition was more likely when algae
were exposed to smaller particles. By contrast, neither MNP
concentration nor exposure time nor cell-to-particle size ratio
were significant as predictors (Supplementary Figures S1A,
S3A, S4A). Among the categorical predictors, a significant
influence on the effect size was only found for the particle
shape (Figure 5A): non-spherical particles (fibers and fragments)
were more likely to induce growth stimulation compared to the
spherical particles (Figure 5A). Of the three polymer materials
(PS, PE, and PVC) that were sufficiently represented to allow
for the comparison, none were found to cause significant
growth inhibition (Supplementary Figure S5A). NP had slight
adverse effects on growth compared to MP, albeit, not significant
(Supplementary Figure S6A). The test outcome was not affected
by the freshwater or saltwater origin of the test species
(Supplementary Figure S7A).

Effects Observed at MNP Concentrations Above 100
mg/L
In the High concentration model, the effect size was overlapping
with zero in 41% cases, whereas significant growth inhibition and
stimulation were observed in 41 and 17%, respectively (Figure 3,
lower panel). The mean effect size was —1.11, with the 95% CI
overlapping with zero [—3.17, 0.95]. The 95% PI was also wide,
ranging from —8.01 to 5.79; thus, both positive and negative
effects will be observed in future tests employing similar design.
The heterogeneity was high and significant (Q
68.73; I> = 89.9%; p < 0.001). However, none of the
continuous predictors (i.e., concentration, exposure duration,
polymer density, particle size, and cell-to-particle size ratio;
Supplementary Figures S1B, S2B, S3B, S4B; Figure 4B, respecti-
vely) were significant (p > 0.07 in all cases). MNP concentration
explained 29% of the heterogeneity in the effect size, with
a higher probability of growth inhibition at higher MNP
levels; the effect was not, however, significant (p > 0.07;
Supplementary Figure S1B). Also, neither polymer material
nor particle size category nor species origin were significant as
predictors (Supplementary Figures S5B-S7B). The effect of
particle shape could not have been evaluated due to the lack of
observations for the non-spherical particles.

Full Range Model
The Full range model was based on 28 entries from all 20 studies
selected for the meta-analysis, 42% of which had the effect size
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Author(s) and Year

Polymer MP/NRHedges'g [95% CI]

Low concentration model

Hedges'g

Cell count
Yakota et al., 2017.2 F.-{ PS MP 0.81[-0.49, 2.10
Yakota et al., 2017.1 e+ PS MP 1.06 [ -0.28, 2.40
Guo et al., 2020.2 t e PVC MP 428[ 211, 6.45
Guo et al., 2020.1 o PE MP  -0.75[-1.92, 0.43
Gambardella et al., 2018 | { : PS NP -17.50 [-27.40, -7.60
Garrido et al., 2019 e PE MP  -0.28[-1.89, 1.33
Long et al., 2017.3 o PS MP 0.00[-1.60, 1.60
Long et al., 2017.2 (! PS MP  -1.45[-3.25, 0.35
Long et al., 2017.1 o PS MP 0.24[-1.36, 1.84
Suetal., 2019 Ho: PS MP -2.60[-4.37,-0.84
Fuetal., 20194 P PVCw MP -867[-14.92,-2.43
Fuetal., 2019.3 —e—: PVC MP -3.72[-6.77,-0.68
Zhao et al., 2019.2 | PVC MP 2.22[-0.01, 4.44
Rogstad et al., 2019.2 e PA MP  1.06[-0.70, 2.82
Rogstad et al., 2019.1 —eo—| PET MP 2471 0.12, 4.82
Zhang et al., 2017.2 o+ PVC MP 0.09[-1.51, 1.70
Prata et al., 2018 =gl PE MP 0.00[-1.60, 1.60
Nolte et al., 2017.2 —e— PS NP  -5.93[-9.55,-2.31
Davarpanah and Guilhermino, 2015 (! PE MP  -1.57[-3.50, 0.37
Besseling et al., 2014.2 e PS NP -058[-2.21, 1.04
Bergami et al., 2017.2 gl PSS NP -1.10[-2.10,-0.10
Bergami et al., 2017.1 4! PS NP  -1.78[-2.91,-0.66
Fluorescence
Chae et al., 2018.2 l-0—| PS NP 1.02[-0.73, 2.78]
Gorokhova et al., 2020 .4 o PET MP 1.26 [-0.12, 2.65]
Gorokhova et al., 2020.3 gl PETw MP 1.06[-0.28, 2.41
Chae et al,, 2019.2 o PE MP 0.24[-1.37, 1.85
Sjollema et al., 2015.2 e PS MP  -0.47[-2.11, 1.16]
RE Low concentration model (Q = 100.20, df = 26, p < 0.00; 12§= 75.8%)
Prediction Interval [ -3.20, 2.75] :

[ B -0.22 [-0.90, 0.45]
High concentration model
Cell count
Fuetal., 2019.2 |—0—| PVC MP  -3.31[-6.11,-0.50
Fuetal., 2019.1 —e—: PVC MP -4.63[-8.22,-1.03
Zhao et al., 2019.1 —o— PVC MP 257 0.17, 498
Zhang et al., 2017.1 o PVC MP  -0.87[-2.59, 0.84
Nolte et al., 2017.1 f—— : PS NP -9.84[-15.54, -4.15
Canniff and Hoang, 2018 o PE MP 1.77[-0.25, 3.79
Sjollema et al., 2015.1 HoH PS MP 0.43[-1.20, 2.06
Besseling et al., 2014.1 —o— PS NP -5.64[-8.64,-2.63
Fluorescence
Chae et al., 2018.1 FH PS NP 1.11[-0.67, 2.88
Gorokhova et al., 2020.2 o : PET MP -445[-6.94,-1.97
Gorokhova et al., 2020.1 e PETw MP 1.35[-0.05, 2.75
Chae et al., 2019.1 —e— PE MP 427 0.89, 7.64
RE High concentration model (Q = 68.73, df = 11, p < 0.00; 2 = 89.9%)
Prediction Interval [ -8.01, 5.79] feoreneen ‘ ------- | -1.11 [-8.17, 0.85]

[ [ I [ |
-30 20 -10 0 10

FIGURE 3 | Forest plot of the random-effect models for effect sizes estimated as Hedges’ g and the associated 95% confidence interval (95% Cl) in the Low
concentration model (upper panel; 20 entries) and the High concentration model (lower panel; 11 entries). The negative and positive values for Hedges’ g correspond
to growth inhibition and stimulation, respectively. In each model, the overall effect (i.e., pooled estimate) is depicted as a diamond. The prediction interval shown by
lines extending from the overall effect diamond captures the expected true effect for a future study. Symbol size is proportional to the study weight. Multiple entries for
some studies correspond to independent trials for different polymers and/or different species. In each model, studies that employed cell count and fluorescence
methods for measuring growth are shown separately.
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FIGURE 4 | Meta-regressions for the effect size as a function of polymer
density (g/cm?) across the models: (A) Low concentration model (<100
mg/L), (B) High concentration model (=100 mg/L), and (C) Full range model
(0.004-1,100 mg/L). Circle size indicates the study weight in the effect size
calculation; note that the scale for the weights varies among the models. Solid
line represents model prediction and dashed line is the corresponding 95% ClI.

overlapping with zero, whereas significant growth inhibition and
stimulation were observed in 32 and 17% cases, respectively.
The mean effect size was negative (—1.34), with the 95% CI
[—2.88, 0.20]. The prediction interval was very broad, ranging
from —8.94 to 6.26, indicating that both negative and positive
effects will be observed in the future tests even if only maximal
effect sizes across the treatments in each study are considered.
The heterogeneity was high and significant (Q =156.88 I? =
94.1%, p < 0.001), reflecting the variability in the data. None
of the continuous predictors (MNP concentration, exposure
duration, polymer density, polymer size, and cell-to-particle
size ratio) were significant in explaining the heterogeneity
(p > 0.09 in all cases; Supplementary Figures S1-S3C, S4C;
Figure 4C). Among these predictors, the cell-to-particle size ratio
contributed most to the observed heterogeneity (17%, p > 0.09;
Supplementary Figure S4C), with a higher probability of growth

* Guo et al., 2020

Nolte et al., 2017 *

Fuetal.,, 2019 *

Hedges’'g

Gambardella et al., 2019 *

Hedges’'g

Gambardella et al., 2019 »

N=6 N=22

Fiber/Fragment Spherical

FIGURE 5 | Subgroup analysis for the particle shape as a predictor for the
effect size across the models: (A) Low concentration model (<100 mg/L) and
(B) Full range model (0.004—1,100 mg/L). Crosses represent the median, the
boxes are the 95% CI of the median, and whiskers show the overall 95% ClI.
The black dots indicate outliers. The horizontal dashed line indicates no effect.
N values on the x axis indicate number of entries in each subgroup. The

asterisk indicates statistical significance at « = 0.05.

inhibition at higher cell-to-particle size ratio. Particle shape was
a significant predictor; we found that exposure to fibers and
fragments was associated with growth stimulation (Figure 5B).
Neither polymer type nor particle size category nor species
origin contributed significantly to the observed heterogeneity
(Supplementary Figures S5C-S7C).

This dataset was also used to assess the effect of the growth
measurement method, i.e., cell count (22 entries) vs. fluorescence
(6 entries) on the effect size (Figure 6). The mean effect size was
not significantly different from zero regardless of the method
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used, with the mean effect size for the cell count model and
the fluorescence model being —1.26 [—2.82, 0.29] and —1.68
[—6.62, 3.27], respectively. The prediction interval for the true
treatment effect was broader in the fluorescence model (—14.22—
10.86) compared to that based on cell counts (—8.05-5.53), which
at least partly was related to the fewer entries in the former.

Publication Bias

Funnel plots revealed some low-precision studies (Figure 7).
Moreover, low precision studies that reported significant
inhibitory effects were present, whereas those reporting
stimulatory effects were not. All studies reporting stimulatory
effects of the exposure had high precision and most of them
were significant, whereas the negative effect studies had greater
effect size but lower precision. In all three models (Figure 7), a
significant asymmetry was found using Egger’s test, with z-scores
of —4.79 (p < 0.0001), —3.09 (p < 0.002), and —5.17 (p <
0.0001) for the Low Concentration, High concentration and the
Full range models, respectively (Supplementary Table S3). Thus,
the negative effect sizes appeared to be reported by studies with
smaller sample sizes (Figure 7). This asymmetry indicates that
a bias toward the publication of large negative effects may stem
from the sample size of the study.

With high between-sample heterogeneity (as in all three
models), the use of funnel plot for publication bias detection
may yield false-positive results, i.e., detect publication bias when
none is present. To address this concern, we first inspected the
funnel plot distribution. Large moderating effects, i.e., effects of
the moderators that were not tested, should result in a bimodal
distribution, which did not occur (Figure 7). Therefore, the
existence of the publication bias and small study effect was
accepted, albeit with caution.

Second, the trim-and-fill method was applied to estimate
the number and impact of missing studies in the dataset
(Figure 7). Five studies were identified to be missing in the Low
concentration model and seven in the Full range model on the
right side of the funnel, and none in the High concentration
model. The imputation changed the model results to the mean
effect size and 95% CI of 0.10 [—2.09, 2.29] and PI [—10.09,
10.9] for the Low concentration model and —0.41[—1.74, 2.55]
with PI [—11.71,12.52] for the Full range model. In both cases,
the corrected values were similar to the original output; thus, no
significant effect of the exposure across the studies was found
even when the results were corrected for the publication bias.

DISCUSSION

Using meta-analysis, we found that exposure to micro- or
nanoplastic was not associated with significant growth inhibition
in unicellular algae. In the 20 studies based on standard growth
inhibition assay, all possible outcomes were reported, ranging
from inhibition (up to 57%) to stimulation (up to 56%) of growth
rate. Neither Low concentration model nor High concentration
model nor Full range model produced a significant mean effect
size; moreover, prediction intervals indicate that tests following
this type of experimental design are likely to yield both inhibitory
and stimulatory responses. Thus, our meta-analysis lends limited

support to the hypothesized growth inhibition of algae by
exposure to micro- and nanoplastic (hypothesis H1). However,
caution should be taken when interpreting these results owing to
substantial heterogeneity within the models and a relatively low
number of studies.

Notably, we found no clear indication that the exposure effect
is related to MNP concentration (H1). The exposure to MNP
concentrations of <100 mg/L resulted in mean inhibition by
0.22 standard deviations (Low concentration model), whereas
at the concentration >100 mg/L (High concentration model),
the average inhibition was more pronounced (1.11 standard
deviations). Although the High concentration model suggested
more adverse effects compared to the Low concentration
model, which was in line with our expectations, neither mean
effect sizes were significantly different from zero (Figure 3;
Supplementary Figures S1A,C). The only weak indication of a
possible concentration-dependent response was found for the
High concentration model, where the negative trend indicated that
at higher MNP concentrations, growth inhibition might be more
likely (p > 0.07; Supplementary Figure S1B). However, the High
concentration model had the lowest number of entries; therefore,
to investigate this trend and establish effect concentrations, more
studies would be needed.

The effect concentrations reported in the experimental studies
are very variable and often biphasic. Dose-response relationships
using growth as the endpoint (Besseling et al., 2014; Sjollema
et al,, 2016; Gambardella et al., 2018; Wu et al., 2019; Zhao et al.,
2019) indicate that the lowest concentrations which induced
inhibition (LOEC) varied 0.001-50 mg/L, i.e., within the range
of our Low concentration model. Also, similar concentrations
of I-um PVC (<50 mg/L) caused significant growth inhibition
(Zhang et al.,, 2017). However, in some cases, PVC induced
less inhibition at higher concentrations (>100 mg/L) compared
to 10 mg/L (Fu et al, 2019). Moreover, for unplasticized
PVC, Guo and co-workers showed growth stimulation at 50
g/L compared to significant inhibition (37%) at 0.05 mg/L
(Guo et al., 2020). The main reason for these counter-intuitive
observations could be a reduced exposure during the test because
of the uncontrolled particle aggregation and settling, which
are enhanced at higher concentrations. These methodological
shortcomings in the experimental design and uncertainties with
regard to the stability of the exposure would preclude meaningful
evaluation of the concentration effects not only across the studies
but also within a study unless sufficient measures were taken to
prevent particle sedimentation.

An indication of the particle size influence on algal growth
was found in the Low concentration model, with growth
inhibition being more likely in trials with smaller particles (p
> 0.07; Supplementary Figure S2A). In the High concentration
and Full range models, the regression slopes for the particle
size effects were also positive, albeit non-significant and with
low explanatory power (Supplementary Figures S2B,C), which
might also be related to the less pronounced effect due
to particle aggregation at higher MNP concentrations. The
subgroup analysis contrasting MP and NP effects corroborated
the meta-regression outcome as growth inhibition in algae
exposed to NP appeared to be more pronounced compared to
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growth are shown separately.

Author(s) and Year Polymer MP/NP Hedges'g [95% CI]
Cell count

Yakota et al., 2017.2 He PS MP  0.73[-0.55, 2.02]
Yakota et al., 2017.1 I—Q—i PS MP 1.06 [ -0.28, 2.40]
Guo et al., 2020.2 i e PVC  MP 4.28[ 2.11, 6.45]
Guo et al., 2020.1 o PE MP  -0.75[-1.92, 0.43]
Gambardella al., 2018 I : PS NP -17.50 [-27.40, -7.60]
Garrido et al., 2019 e PE MP -0.28[-1.89, 1.33]
Zhao et al., 2019 —e— PVC MP  257[ 0.17, 4.98]
Zhang et al., 2017 P PVC MP -8.89[-15.29, -2.50]
Suetal., 2019 o PS MP -2.60 [ -4.37, -0.84]
Rogstad et al., 2019.2 —e—i PA MP 2.72[ 0.24, 5.19]
Rogstad et al., 2019.1 ‘—e— PET MP 3.76 [ 0.69, 6.83]
Nolte et al., 2017 b PS NP  -9.84[-15.54, -4.15]
Long et al., 2017.3 e PS MP 0.00[-1.60, 1.60]
Long et al., 2017.2 o PS MP -1.18[-2.97, 0.62]
Long et al., 2017.1 o PS MP  0.00[-1.60, 1.60]
Fuetal., 2019.2 f | i PVC MP -14.17 [-24.17,-4.17]
Fuetal, 2019.1 e PVC MP -7.27[-12.58, -1.96]
Davarpanah and Guilhermino, 2015 e PE MP -1.54 [ -3.47, 0.38]
Canniff and Hoang, 2018 f—o— PE MP 1.77[-0.25, 3.79]
Besseling et al., 2014 —e— PS NP -5.64 [ -8.64, -2.63]
Bergami et al., 2017.2 ro4 PS NP -1.01[-2.01,-0.02]
Bergami et al., 2017.1 HO PS NP -1.78 [-2.91, -0.66]
RE Cell count (Q = 119.23, df = 21, p < 0.00; I* = 92.9%)

Prediction Interval [ -8.05,553] oo * 126282 4o
Fluorescence

Chae et al., 2018 He— PS NP  080[-0.89, 2.49]
Sjollema et al., 2015 e PS NP  -6.41[-11.15,-1.67]
Prata et al., 2018 e PE MP 0.95[-0.78, 2.68]
Gorokhova et al., 2020.2 P PET MP -14.84 [-22.12, -7.56]
Gorokhova et al., 2020.1 I PETw MP 1.35[-0.05, 2.75]
Chae et al., 2019 i —e— PE MP  4.27[ 0.89, 7.64]
RE Fluorescence (Q = 31.26, df = 5, p < 0.00; 7= 96.3%) :

Prediction Interval [ -14.22, 10.86] fromeennnennnnn a.— --------------- -1.68 [-6.62, 3.27]
Prediction Interval [ -8.94, 6.26] A * ‘ i S A
RE Full range Model (Q = 156.88, df =27, p < 0.00; = 94.1%)

[ I [ |
-30 -20 -10 0 10
Hedge's g

FIGURE 6 | Forest plot of the random-effect model for effect sizes estimated as Hedges’ g and the associated 95% confidence interval (95% Cl) in Forest plot for the
Full range model (28 entries). Symbol size for individual entries is proportional to the study weight. The overall effect (pooled estimate) on growth according to the
random-effect model is depicted as a diamond. The prediction interval (Pl) is shown with lines extending from the diamond. Multiple entries for some studies
correspond to different polymers tested within a study or several species used in the tests. Studies that employed cell count and fluorescence methods for measuring

that in MP exposures, albeit neither effect size was significant
(Supplementary Figure S6). In algae and filter-feeders, particle
size has been considered a crucial driver of the adverse effects

(Cole et al, 2013; Lee et al, 2013; Besseling et al, 2014;
Davarpanah and Guilhermino, 2015; Jeong et al., 2016). However,
even in a controlled experimental system with appropriate
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mixing, particle size is affected by aggregation during the
exposure (Gorokhova et al., 2020), which makes it a challenging
parameter to consider in the risk assessment. In algae, particles
of 0.05-1 wm were reported to cause growth inhibition (Sjollema
etal., 2016; Zhang et al., 2017; Gambardella et al., 2018), whereas
those of ~200 wm had a stimulatory effect (Chae et al., 2019).
Moreover, the cell size of the test algae has also been suggested
to contribute, with adverse effects on MNP observed at higher
cell-to-particle size ratio (Chae et al., 2019). The mechanisms
of these effects have been linked to particle adsorption to algal
cell walls leading to compromised permeability, inhibition of

growth, and photosynthetic activity (Bhattacharya et al., 2010;
Mao et al,, 2018). Although we found no significant influence
of the cell-to-particle ratio on the effect size within the cell size
range used in the dataset (1-78 m; Supplementary Table S2),
the observed negative trend was in agreement with the suggested
effect direction and the mechanisms (Chae et al., 2019), and
in the Full range model, this moderator explained 17% of the
model heterogeneity.

Of the three polymers used in the subgroup analysis, none
was found to induce a significant growth inhibition; thus, no
support to the hypothesized effect of polymer material as a
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significant predictor of the effect size was obtained (H2). PS was
the most commonly used polymer (45% of studies) followed by
PE (25%) and PVC (20%). In experimental studies, the high
toxicity of styrene for algae and invertebrates has been related
to the adverse effects of PS (Sussarellu et al., 2016; Mueller
et al., 2020). Moreover, PS with anionic and cationic groups
can undergo strong aggregation, which was suggested to mediate
embryotoxicity in sea urchin embryos (Della Torre et al., 2014).
Similar mechanisms of the adverse effects in alga Dunaliella
tertiolecta were suggested by the same team (Bergami et al.,
2017). However, the same polymer (PS-COOH) at comparable
concentrations (40-50 mg/L) had differing effects on algal
growth, ranging from no-effect (Bergami et al., 2017) to strong
inhibition (Nolte et al., 2017), which suggests that other exposure
characteristics, such as media and species, may alter the outcome.
In particular, higher aggregation potential for positively charged
polymer particles was suggested to affect biological availability
and, thus, exerted effects, which is in line with the higher toxicity
observed for cationic amino-modified particles (Bhattacharya
et al., 2010).

Across the studies, PE and PVC were found to have both
inhibitory and stimulatory effects resulting in the non-significant
mean effects. These polymers have relatively low (<1 g/cm?)
and high (~1.4 g/cm®) density, respectively, which makes
them more likely to either float on the surface (low-density
PE) or sink to the bottom (PVC) during the experiment.
Therefore, static tests are not likely to provide a controlled
exposure and, hence, comparable results for polymers with
negative or positive buoyancy (Karami, 2017), emphasizing the
need for methodological developments and search for adequate
exposure systems.

Support for the hypothesized effect of the polymer material
(H2) was provided by the meta-regression showing that
polymer density was a significant predictor of the effect
size in the Low-concentration model but not in the other
two models encompassing higher exposure concentrations.
At MNP concentrations <100 mg/L, low-density polymers
are more likely to inhibit algal growth compared to high-
density polymers, which is most likely due to the lower
sedimentation of the former. At higher MNP concentrations, the
enhanced contact between the polymer particles could facilitate
aggregation and sedimentation, thus masking the effect of the
polymer density.

Non-spherical particles, such as fibers and irregular fragments,
were found to have stimulating effects on algal growth, unlike
spherical particles that tended to exert inhibition. However,
these findings must be interpreted with caution because studies
using non-spherical particles are very scarce, and in our meta-
analysis, all entries for such particles originated from only three
studies (Yokota et al., 2017; Rogstad, 2019; Gorokhova et al.,
2020). Although fragments and fibers are the most commonly
observed MP in the field (Hidalgo-Ruz et al., 2012; Eriksen et al.,
2014; Avio et al., 2015), spherical beads are used in the vast
majority of the experiments, which has been broadly criticized
(Wagner et al., 2014; Ogonowski et al., 2018). Given the observed
differences in the effects caused by spherical and non-spherical
particles, studies on MNP shaped as fibers and fragments are

particularly needed, if we are to obtain environmentally relevant
hazard assessment. More testing is also needed to evaluate
weathering effects on the hazard potential of MNP because
both stronger inhibition of growth (Fu et al, 2019) and no-
effect outcomes (Gorokhova et al., 2020) have been reported for
weathered particles compared to virgin ones. Plastic weathering
changes the particle shape and size, surface area, and near-
surface functional groups leading to the increasing frequency
of hydroxyl groups (Liu et al., 2020). Unfortunately, the low
number of studies that employed weathered plastics precluded
evaluation of this factor as a predictor of the effect size for
growth inhibition.

The hypothesized positive effect of the prolonged exposure on
the effect size (i.e., lower inhibition at longer exposure duration;
hypothesis H3) was not statistically significant. In the Full range
model, however, 92% less inhibition was observed when exposure
time increased from 72 to 168h (p > 0.13). For such time-
related effects, there are several possible explanations, related
to algae adaption to the experimental conditions and changes
in the exposure levels as well as culture conditions with time.
Under prolonged incubation, different trade-offs and adaptations
can occur in the exposure systems with algae (Andriukonis
and Gorokhova, 2017) in response to deficiencies in light and
nutrient regimes due to increased turbidity and concomitant
nutrient depletion. If mixing is not adequate, particle aggregation
and sedimentation will decrease the exposure and, hence, the
response. Indeed, several studies reported the inhibition effect
to be more severe in shorter incubations (e.g., <4 vs. >5
d; Fu et al, 2019; Zhao et al, 2019). Linking this pattern
to the growth curve, Mao et al. (2018) explained growth
inhibition during the exponential phase with compensatory
growth as a sign of adaptation in the populations approaching
the stationary phase. Moreover, changes in cell morphology and
lipid accumulation can be indicative of such adaptations. For
example, Su et al. (2019) observed an increase of cell density
over a 10-d period, with a concomitant reduction in the cell size
suggestive of nitrogen limitation (Kilham et al., 1997). Also, no
growth inhibition has been reported after a 4-d exposure but
a significant inhibition and lipid accumulation after 9-d, which
could be explained by nutrient depletion due to algal growth
but also sorption to the polymers (Guo et al., 2020). Therefore,
time-related changes in the growth conditions may mask true
response to the exposure, and the OECD-recommended duration
of 72-96h for the algal growth inhibition test design must
be followed.

The effect sizes were not significantly different between
the tests with fresh- and saltwater algae, thus supporting
the hypothesized similarity (H4); however, freshwater
algae had more negative effects in all three models
(Supplementary Figure S7). The saltwater algae were used
in 65% of the studies, which means that we have less information
for conducting MNP hazard assessment in freshwaters compared
to marine environments, where the plastic pollution has been
studied more actively (Barboza and Gimenez, 2015; Eerkes-
Medrano et al., 2015). Moreover, the taxonomic diversity of the
used test species is relatively low (16 species), with the majority
of species belonging to Dinophyceae, Prymnesiophyceae and
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Chlorophyceae. Yet, the similarity of the observed effects
suggests that the test results are transferable between the
freshwater and marine algae; thus, all available information can
be used for risk assessment of plastic debris in lakes and rivers
until more data for freshwater microalgae become available.

Given that plastic litter has become a hot topic in
the current environmental research fuelled by keen public
interest, discovering indications of the publication bias was
not particularly surprising. The magnitude of the bias was,
however, not sufficiently large to invalidate the meta-analysis
outcome. Nevertheless, the publication bias in testing MNP
effects indicates that a study reporting inhibitory effects is
more likely to be published, even though the results would
be less reliable, and the sample size is small. There are
several potential causes of this bias, including the fact that
we used entries representing treatments with the largest effect
size when compiling the datasets. However, all studies were
treated equally, and small effect studies were well-represented
in all three models. Thus, the bias appears to be related
to the selection of an effect size associated with statistical
significance for reporting. It is also a possibility that variables
that have not been accounted for as moderators, particularly
methodological parameters, such as elements of test design,
physicochemical properties of the particles, or different levels
of measurement error across the studies, might explain some
of the observed funnel plot asymmetries. To alleviate some of
these concerns, improve the comparability of the test results
and, thus, their suitability for meta-analysis, it is critical to
standardize the test protocols and report all the details of the
experimental design as well as any outcomes of the testing,
both positive and negative, regardless of their significance and
sample size.

Since adverse effects can occur in turbid environments with
a variety of particulates, both natural, such as sediment, and
anthropogenic, such as microplastic, it is relevant to compare
responses between the microplastic and other suspended solids
present at ecologically relevant concentrations. Our findings,
including model heterogeneity and lack of significant effects rated
to the variation of the nominal particle concentrations, strongly
suggest that analysis of the particle size distribution in the test
systems should be included in the experimental design to control
for the aggregation and sedimentation as potential drivers of algal
growth. Needless to say, that these processes occur in mixtures of
any suspended solids, both natural and anthropogenic.

We hope that our study would stimulate a debate on the
methodology of microplastic hazard assessment and possibly
influence further research efforts toward this goal. Following
the critical analysis of the recent publications on the subject
(Table 2), we propose practical recommendations for researchers
for conducting transparent and methodologically sound test
protocols and reporting routines. This should help to consolidate
the search for convergent assays informing the risk assessment
of plastic litter in aquatic ecosystems. Current standard toxicity
testing is mostly developed for chemicals, not particulates with
complex behavior resulting in particle aggregation and physical
interactions with test organisms (Ogonowski et al., 2018; Gerdes
et al, 2019). As a standard ecotoxicological endpoint, algal

TABLE 2 | Practical recommendations for standardization of algal bioassays with
micro- and nanoplastic and reporting routines based on the outcome of the
meta-analysis.

Test Recommendations
aspects
Test ¢ \Well-characterized test materials must be used in terms of
materials, the polymer and particle size distribution
species, * More studies on polymer materials other than PS and PE
and ] as well as non-sphaerical and weathered plastic particles
endpoints are needed
e Phylogenetically diverse taxa, both marine and freshwater,
need to be used; more data on the freshwater taxa are
needed
¢ Apical endpoints considered in an accepted guideline test
should always be included when using subcellular
endpoints to assess effects
Equipment e Controls should include both particle-free controls (growth
considerations media only) and particle controls, in which either natural
and particles or benchmark plastic particles are used
exposgre e Care must be taken to keep the exposure vessels in
conditions ) )
suspension; use of plankton wheels or other rotating
devices must be obligatory to provide constant exposure
over time
e |evels of nutrients and light intensity must be sufficient to
ensure no limitation during the exposure in the highest
concentration of the test material
e Exposure duration should be adjusted to the growth curve
of the algae and the experiment should be terminated
before approaching the plateau; the recommended
72-96 h are in most cases optimal for detecting growth
limitation in the exponential phase
Reported e All test results, both positive and negative, regardless of
parameters the statistical significance of the outcome must be

reported

The primary data must be made available for use in
meta-analysis and data synthesis

All available information on the physicochemical properties
of the test and reference particles must be provided; an
effort should be made to obtain this information

Particle size distribution during the exposure should be
assessed and reported as a parameter affecting actual
exposure levels in the system

The test parameters should be carefully presented to allow
for intercomparisons and meta-analysis

growth alone might be insufficient to provide insights into the
ecological impacts of MP (Gambardella et al., 2019). Therefore,
more sensitive endpoints, such photosynthetic efficiency (e.g.,
Wu et al, 2019), electron transport (e.g., Mao et al, 2018),
and biochemical changes (e.g., Bhattacharya et al, 2010),
together with reliable test protocols, are needed to evaluate how
microalgae might be affected by polymer particles. At present,
it was not possible to include these subcellular responses in the
meta-analysis, because of the low number of such studies and
considerable variation in the methods employed. One should also
keep in mind that subcellular-level responses in these tests must
be linked to those at the higher levels of biological organization
(Martyniuk, 2018) if we are to protect wild populations exposed
to environmental contaminants, including plastic litter.
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