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a b s t r a c t

Assessment of microplastic impacts in biota is challenging due to the complex behavior of the test
particles and their interactions with other particulates, including microorganisms, in the environment.
To disentangle responses to microplastic exposure from those to other suspended solids, both micro-
plastic and natural particles must be present in the test system. We evaluated how microplastic, non-
plastic particles, and biofilms interacted in their effects on survivorship using acute toxicity assay with
Daphnia magna. The animals were exposed to microplastic and kaolin at different concentrations of
suspended solids (SS; 10, 100, and 1000 mg/L) with a varying microplastic contribution (%MP; 0e80%)
and biofilm (presence/absence) associated with the solids. Also, we examined how these exposure pa-
rameters (SS, %MP, and Biofilm) affected aggregate formation that was analyzed using particle size dis-
tribution data. Under the exposure conditions, Daphnia mortality was primarily driven by SS
concentration but ameliorated by both microplastic and biofilm. The ameliorating effects were related to
increased particle aggregation in the presence of biofilm and high %MP. In addition, a weak yet significant
positive effect of the biofilm on the survivorship was observed, presumably, due to microbial food supply
to the daphniids in the exposure system; the bacteria were utilized at the absence of other food.
Therefore, the effects of both natural and anthropogenic particulates depend on the particle behavior and
aggregation in the water governed by microbial communities and physicochemical properties of the
particles, which must be taken into account in the hazard assessment of plastic litter.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Plastics account for an average of 75% of marine litter (Galgani
et al., 2015), and the environmental impacts of plastic litter is a
hot topic fueled by public concerns (Henderson and Green, 2020).
Fragmentation of plastic debris takes place in the environment,
with chemical and mechanical degradation generating fine-sized
particles, so-called secondary microplastic (MP), the main envi-
ronmental load of plastics (Andrady, 2011). However, despite the
general perception of MP as hazardous waste (Henderson and
Green, 2020; Rochman et al., 2013), no-effect results are common
(Ogonowski et al., 2018a), and it usually remains unclear what are
the mechanisms of action when the adverse effects are observed
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(Connors et al., 2017). Due to this conflict of information, scientists
disagree on the scale and immediacy of the MP pollution problem
(Backhaus and Wagner, 2020; Burns and Boxall, 2018; Gouin et al.,
2019), and lack of systematic studies considering particle proper-
ties hampers read-across analysis for regulatory purposes. Possible
impacts of plastic litter on the environment and human health need
to be assessed with scientific rigor, including particle behavior and
physicochemical properties in the analysis and establishing
adequate systems for testing biological effects.

At least partly, the difficulties in the MP hazard assessment are
related to the fact that plastic is a new type of environmental
contaminant with yet unsettled methodology for hazard testing.
Ecologically relevant assessment of the impacts of particulate
matter in biota is generally challenging due to the complex
behavior of the test particles and their interactions with other
particulates. As an environmental contaminant, microplastic is
never present without a sizeable contribution of other particulates
in the water column (Nguyen et al., 2019). Various suspended
solids, both natural, such as sediment, food and detritus (Ladd,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Experimental design: three concentrations of suspended solids (SS;
10e1000 mg/L) were prepared using varying contributions of kaolin (20e100%) and
MP (0e80%); seven replicates per treatment combination were used. First, half of the
test suspensions were incubated with ambient water containing bacterioplankton
(Biofilmþ), whereas the other half were used as no biofilm treatment (Biofilm -). Sec-
ond, daphniids were added to each tube, and their survivorship after 96 h was
recorded.
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1957), and anthropogenic, such as microplastic, cellulose and black
carbon (Bubb and Lester, 1994; Jedwab, 1980; Roy et al., 1999) are
always present in natural waters; moreover, their concentrations
are orders of magnitude higher than those of plastic particles
(Lowry et al., 2012).

At high concentrations of any suspended solids, adverse effects
on biota can occur (Bilotta and Brazier, 2008; Chapman et al., 2017;
Gordon and Palmer, 2015; Kjelland et al., 2015). Therefore, it is
relevant to disentangle responses to microplastic exposure from
those of other suspended solids present at ecologically relevant
concentrations. In the aquatic environments, particulates engage in
various interactions withmicroorganisms andmacromolecules and
undergo various physicochemical transformations, such as homo-
and hetero-aggregation, degradation, and deposition (Alimi et al.,
2018). As a result, particle size distributions are changing, which
affects bioavailability, uptake, and hazard potential of the particu-
lates (Bruinink et al., 2015; Kirk, 1991a; Zurek, 1983), including
microplastic (Li et al., 2020).

Furthermore, microorganisms are an integral part of the par-
ticulate matter in situ, with biofilms ubiquitously present in the
detritus and aggregates formed by both anthropogenic and natural
particles (Rogers et al., 2020). Consequently, composition and
quantities of the biofilm contribute to particle aggregation, expo-
sure, and, thus, responses in higher consumers (Rummel et al.,
2017). Hence, meaningful design for an experiment evaluating the
effects of microplastic in biota should include a mixture of sus-
pended solids with varying microplastic contribution and micro-
organism load if we are to understand ecologically plausible effects
of exposure to microplastic pollution (Gerdes et al., 2019; Rogers
et al., 2020).

Here, using a filter-feeding test organism, Daphnia magna, we
designed an experiment to test the effects of three components
ubiquitously present in a pelagic system facing plastic pollution: (1)
concentration of mixed solids, (2) proportion of microplastic in the
mixture, and (3) biofilm. Daphnia species have been extensively
used as model filter-feeders in ecological studies, including in-
vestigations of their responses to suspended solids and biofilms
(Kirk, 1991b), but also as test organisms in the ecotoxicology of
microplastics (Anbumani and Kakkar, 2018; Gerdes et al., 2019;
Kokalj et al., 2018), which facilitates interpretation of the results.

To mimic the exposure in situ, the daphniids were exposed to
the mixtures of clay and microplastic. The mixtures had a varying
proportion of the microplastic and were prepared with or without
biofilm associated with the solids. The acute toxicity test design
based on OECD guidelines (OECD, 2004) and modified for testing of
particulates, according to Gerdes and co-workers (Gerdes et al.,
2019) was employed. Based on the known effects of suspended
solids in the filter feeders, including daphniids (Chapman et al.,
2017; Kirk and Gilbert, 1990; Robinson and Klaine, 2008), we put
forward two main questions (Q1) How the exposure parameters
(i.e., total suspended solids, percentage of microplastic and pres-
ence of biofilm): affect daphniid survivorship? and (Q2) Whether
the observed effects are mediated by particle aggregation in the
system? Given the heterogeneous findings published so far, we had
no specific hypothesis for the potential role of the microplastic
when testing the effects of the microplastic contribution to the
particle suspension.

2. Material and methods

2.1. Toxicity testing

2.1.1. Test suspensions and treatments
Kaolin (Sigma-Aldrich, K7375; size range 2e40 mm; Fig. S1) and

polystyrene microplastic (PS; Goodfellow GmbH, artificially aged
2

using UV-light; size range: 3e20 mm) were used to prepare the
stock suspensions in M7media (reconstituted lake water) (Loureiro
et al., 2011). The PS ageing procedure is described elsewhere
(Gewert et al., 2018).

Surface water was collected in a coastal bay close to Stockholm,
Sweden, in May 2019; site location: N 59.371890, W 18.045810,
water temperature and salinity at the collection time were 16 �C
and 2 psm, respectively. The water was transported to the Depart-
ment of Environmental Science (ACES), Stockholm University, and
filtered on a 5-mm polyamide sieve to remove larger plankton. The
filtrate containing bacterioplankton was poured in sterile 2-L glass
bottles and stored for 3 weeks at 4 �C before using it as a source of
biofilm on the test particles.

The experiment used a full-factorial design and included treat-
ments with different combinations of three factors: suspended
solids concentrations (SS; three levels), percentage of microplastic
in the particle mixture (%MP; five levels), and presence or absence
of biofilm on the particles (Biofilmþ and Biofilme, respectively; two
levels). First, using kaolin and PS stocks, mixtures with nominal
total concentrations of suspended solids (SS) corresponding to 10,
100, and 1000 mg/L where PS contributed 0% (kaolin only), 20%,
40%, 60%, and 80% by mass (%MP) were prepared in 50-mL plastic
Falcon tubes; each tube was handled independently. Two identical
sets of these mixtures with seven replicates for each SS � %MP
combination were prepared.

Second, for testing biofilm effects, biofilm present (Biofilmþ)
and biofilm absent (Biofilme) treatment combinations were pre-
pared using the full set of mixtures (Fig. 1). To prepare the Biofilmþ
treatments, we added 3 mL of the ambient water containing bac-
terioplankton to each tube in one set of the PS/kaolin mixtures
described above. No bacterioplankton were added to the other set
of the PS/kaolin mixtures that were assigned to the Biofilme

treatments. The tubes containing bacterioplankton were incubated
for eight days under gentle shaking at room temperature with
16D:8L photoperiod.

2.1.2. Exposure experiment
We exposed Daphnia magna to the particle mixtures with

different concentrations of suspended solids, %MP in these mix-
tures, and with or without biofilm; seven replicates were used for
each SS � %MP � Biofilm combination. The exposure design was
based on that described by Gerdes et al. (2019). Ten neonates (<24 h
old) were placed in each tube containing a particle mixture. All
tubes from both treatments were filled with M7 to the top (~57 mL)
and sealed with parafilm to avoid air bubbles. All experimental
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animals originated from the same clone (Clone 5; The Federal
Environment Agency, Berlin, Germany) cultured in M7 media at a
density of ~10 ind. L�1 and fed a mixture of green algae (Pseudo-
kirchneriella subcapitata and Scenedesmus spicatus). As a procedural
control, we used daphniids incubated in the M7media, no particles
added.

All tubes were mounted on a plankton wheel, placed in a
thermo-constant room at 21 �C with 16D:8L photoperiod. The test
was terminated after 96 h, and mortality in each replicate was
assayed following OECD guidelines (OECD, 2004). The daphniids
which were not able to swimwithin 30 s after gentle agitationwere
considered immobilized (dead). If the control mortality was 5e10%,
the mortality values observed in the treatments were adjusted for
that in the control using Abbott’s correction (Hoekstra, 1987); in no
case control mortality was >10%.

At the termination of the experiment, all daphniids were
removed from the tubes, and the test suspension of the particles
from each SS � %MP � Biofilm combination were randomly
assigned to either particle size distribution (PSD) analysis (three
replicates) or biofilm quantification (three replicates); one replicate
was kept as a reserve. The samples designated for PSD analysis
were analyzed directly. The samples designated for biofilm quan-
tification were collected by filtering the whole suspension on
MILLIPORE HA filters (47 mm, pore size 0.45 mm); the filters were
folded, placed in Eppendorf tubes, and stored at �80 �C until the
analysis. To measure quantities of the biofilm that was associated
with the particles retained on the filters, we used the total DNA
extracted from these filters.

2.2. Particle size distribution analysis

We used a Spectrex Laser Particle Counter (Spectrex, PC-2000,
Redwood city, USA) to analyze PSD in the samples. The experi-
mental suspensions were diluted 100 to 1000-fold to achieve the
particle concentrations within the linear dynamic range of the in-
strument; particle-free water (<10 counts/mL) was used for dilu-
tion. The size spectra were determined for the 1e100 mm range and
processed with GRADISTAT software 8.0 (Blott and Pye, 2001)
following the computational method of Folk and Ward (1957). As
most of the size spectra deviated significantly from the normal
distribution, we used a median particle size (D50) as a proxy for the
most typical aggregate size in suspension.

2.3. DNA extraction and quantification

Total DNA was extracted from the filter samples using 10%
Chelex (Straughan and Lehman, 2000). The DNA concentrations
were measured using QuantiT PicoGreen dsDNA Assay kit (Ther-
moFisher, USA), and fluorometric quantitation was performed with
excitation and emission set at 480 nm and 530 nm, respectively, in
a Tecan Ultra Spectro Fluorometer (PerkinElmer, USA). As a proxy
for biofilm thickness, we used mass-specific DNA concentration,
i.e., the amount of DNA in the system normalized to the nominal
mass of suspended solids in the treatment combination (ng DNA/
mg SS).

3. Statistical analysis

3.1. Factors affecting mass-specific DNA and median size of the
aggregates

First, we confirmed that exposure to natural bacterioplankton
resulted in greater biofilm abundance in Biofilm þ treatment
compared to Biofilme treatment using Generalized Linear Models
(GLM) with the treatment factors (SS, %MP, and Biofilm) as
3

predictors and the mass-specific DNA concentration (DNA/SS) as
the dependent variable. Second, we evaluated whether the particle
aggregation was affected by the experimental factors using the
same approach; the median particle size (D50) was used as a
dependent variable, SS and MP% as continuous predictors, and
Biofilm as a categorical predictor. In all GLMs, the response variables
were Box-Cox transformed to stabilize the distribution of themodel
residuals. All models initially included the interaction terms but
were simplified by sequentially removing non-significant in-
teractions. At each step, the simplified model was compared to the
more complex one using the Aikaike Information Criterion (AIC). In
the end, the most parsimonious model with the lowest AIC value
was chosen. Centering was applied to continuous variables to
facilitate the interpretation of themain effects when the interaction
was significant.
3.2. PLS-SEM analysis of daphniids mortality

Partial Least Squares (PLS) which is an approach to Structural
EquationModels (SEM) was used to explore a hypothetical research
model by creating latent variables with single or multiple in-
dicators and analyzing relationships between these variables using
the SmartPLS 3.0 (v. 3.3.2) software (Ringle et al., 2015). Partial least
squares-structural equation modeling (PLS-SEM) allows to analyze
the relationships simultaneously under limited conditions, such as
multivariate normality assumptions, smaller sample sizes, residual
distribution, and presence of formative indicators, such as param-
eters of experimental design (Chin, 1998; Hair et al., 2014). This
approach also allows efficient testing of mediation and moderation
effects (MacKinnon et al., 2002) that were relevant for our research
questions.

In our research model, we evaluated the effects of suspended
material composed of kaolin and MP at different proportions and
concentrations, as well as the presence of biofilm on the particle
aggregation in the system and the outcome of exposure (i.e.,
daphniid mortality). Four latent variables (LV) were considered
comprising the main components of the study system: (1) HAZARD
reflecting a hazard potential of the suspended solids in the system
and represented by Mortality as a single indicator; (2) SM (Sus-
pended Matter; formative construct) represented by the nominal
concentration of SS and %MP in the system; (3) BIOFILM reflecting
presence/absence of the biofilm in the exposure and represented by
Biofilm as a single indicator; and (4) AGGREGATION (reflective
construct) represented by the indicators characterizing particle size
distribution (median size [D50]) and biofilm thickness (mass-spe-
cific DNA concentration). The sample size (90 observations) satis-
fied both the 10-times rule (Barclay et al., 1995) and the PLS-SEM
guidelines proposed by (Hair et al., 2011).

The two-step approach of first evaluating the outer model
(measurement models for SM and AGGREGATION) and then the
inner model (structural model) was used (Ringle et al., 2015). PLS
path analysis was first conducted to confirm that the model and
constructs complied with specific quality criteria, namely: (1)
composite constructs have good discriminant validity and reli-
ability as indicated by average variance extracted (AVE), which re-
flects the overall amount of variance in the indicators accounted for
by the latent construct (AVE > 0.5); composite reliability (CR;
computed on standardized loadings) and J€oreskog’s rhô value (rho
A; computed on unstandardized loadings), which depict the degree
to which the construct indicators represent the latent construct
(both CR and rho A > 0.7; Chin et al., 1998); (2) reflective indicator is
only retained when the factor loading is > 0.5 with p < 0.01 (Hair
et al., 2011); and (3) construct discriminant validity is demon-
strated. Consequently, PLS bootstrapping (10 000 bootstraps) was



Table 1
GLM results for mass-specific DNA concentration (DNA/SS) as a function of biofilm
presence, concentration of suspended solids (SS), and contribution of microplastic in
the mixture (%MP). DNA/SS values were Box-Cox transformed (l ¼ �0.15). Signifi-
cant effects are in bold.

Predictor Level of Effect Estimate SE t value p value

Biofilm Biofilmþ 1.177 0.431 2.731 0.008
SS �0.010 0.001 �20.093 <0.0001
%MP 0.003 0.008 0.401 0.7

Table 2
GLM results for the median particle size (D50) as a function of biofilm presence,
concentration of suspended solids (SS), and contribution of microplastic in the
mixture (%MP). D50 values were Box-Cox transformed (l ¼ 0.31), and the contin-
uous predictors were centered. Significant effects are in bold.

Predictor Level of effect Estimate SE t value p value

Biofilm Biofilm þ 0.031 0.011 8.7 0.003
SS �0.0002 0.00003 69.2 <0.0001
%MP 0.002 0.0004 19.0 <0.0001
Biofilm � %MP Biofilm þ �0.001 0.0004 13.4 0.000
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used to compute path coefficients with t-values and exact p values,
total effects, as well as total indirect and specific indirect effects for
the outer model. The model fit was assessed by SRMR, the Stan-
dardized Root-Mean-square Residual (Ringle et al., 2015), a mea-
sure based on the differences between observed (s) values and the
ones obtained from the model (s) of the covariance matrix. SRMR
values < 0.10 were assumed as an adequate fitting measure (Hu and
Bentler, 1999). The effect size was interpreted using f2 values, with
0.02, 0.15 and 0.35 as thresholds for weak, moderate, and strong
effects, respectively (Cohen, 1977). PLS-SEM aims to maximize R2

values of the endogenous LVs in the path model, with R2 values of
0.19, 0.33 and 0.67 for the endogenous constructs described as
respectively weak, moderate, and substantial (Chin, 1998).

The primary objectives of this analysis were to determine
whether AGGREGATION was acting as a mediator of SM effects on
HAZARD and BIOFILM as a mediator of AGGREGATION effects on
HAZARD. Also, moderating effects of BIOFILM on AGGREGATION and
HAZARDwere tested. Consequently, the following hypotheses were
put forward for this PLS-SEM model:

� H1: Exposure to high levels of suspended matter (SM) is haz-
ardous and increases daphnia mortality (HAZARD);

� H2: High levels of suspended matter (SM) decrease particle
aggregation (AGGREGATION); this is based on the observed
negative relation between particle concentration and aggrega-
tion in hydrological study systems (Heath et al., 2006);

� H3: AGGREGATION affects HAZARD negatively, because with
particle aggregation, the particle number concentration in the
media decreases, leading to lower mortality;

� H4: BIOFILM increases aggregate formation (AGGREGATION)
because it can change surface properties of the particles and
increase their adhesion;

� H5: BIOFILM decreases HAZARD by providing daphniids with
caloric particles (microorganisms), thus, supporting their
survival.

We also tested BIOFILM as a moderator for the effects of SM on
HAZARD and AGGREGATION. Following the recommendations of
Hair and co-workers (Hair et al., 2017), we used the two-stage
approach as it is the most versatile, and it also works when the
exogenous construct (i.e., SM) is measured formatively. The
following specific hypotheses regarding the moderating effects
were put forward:

� H6: BIOFILM has a moderating effect on the relationship be-
tween SM andHAZARD, such that in the treatments with biofilm,
the effect of suspended matter on daphnia mortality is partially
alleviated compared to the treatments without biofilm;

� H7: BIOFILM has a moderating effect on the relationship be-
tween SM and AGGREGATION, such that in the treatments with
biofilm, the effect of suspended matter on the particle aggre-
gation is facilitated compared to the treatments without biofilm.

4. Results

4.1. Efficacy of incubation with bacterioplankton for biofilm
formation

Incubation of the test mixtures with natural water containing
bacterioplankton had a significant positive effect on the total DNA
concentration in the system (Table 1); moreover, Biofilm was the
most influential predictor. Also, the concentration of suspended
solids (SS) in the system was a significant positive predictor,
whereas %MP had no effect on the DNA concentration. No signifi-
cant interaction effect was observed.
4

4.2. Particle size distribution

The median particle size, D50, was significantly higher in
Biofilmþ treatments and negatively affected by the suspended solid
concentration (Table 2). There was a significant Biofilm � %MP
interaction, which indicated that in the Biofilmþ treatment, the D50
values increased significantly as %MP increased, whereas this was
not the case in the Biofilm-treatment (Table 3, Fig. 2).

4.3. PLS-SEM: effects of particle aggregation and biofilm on daphnia
mortality

4.3.1. Measurement model
In the formative construct SM, outer weights of both indicators

were significant and >0.3 and rho A of the construct was >0.8
(Table 3). The multicollinearity was not an issue (VIF ¼ 1.0).
Therefore, we can conclude that each indicator of the formative
construct is important in explaining the construct’ domain. Notably,
MP had negative weight on SM, whereas SS was positive, indicating
the opposite effect directions. In the reflective construct AGGRE-
GATION, all item loadings exceeded the recommended value of 0.5
(Chin et al., 2008). Thus, the measurement model achieved
convergent validity with acceptable measurement loadings/
weights and construct validity according to CR, rho A, and AVE
values (Table 3). Moreover, each LVwas subjectively independent of
other indicators indicating discriminant validity of every LV
(Table S1).

4.3.2. Structural model
All path coefficients were significant (Table 4). The model

explained 62% of the variance in mortality and 57% of the variance
in particle aggregation, which indicates a moderate to high level of
the explanatory power (Fig. 3). The SRMR value of 0.096 indicates
an acceptable fit.

In reference to the hypothesis testing, all PLS-SEM hypotheses
were supported (Table 4). The exposure to the test mixtures (SM)
was found to increase Daphnia mortality (HAZARD), with a mod-
erate effect size. Negative effects of the particle aggregation
(moderate) and biofilm presence (weak) on HAZARD were found;
moreover, the biofilm was moderately facilitating particle aggre-
gation in the system. Both moderation effects were negative, sta-
tistically significant, albeit weak as indicated by their low f2 values
(Table 4).



Table 3
Validity and reliability of the constructs.

Construct Indicators Loadings/outer weights
and their [p values]

Rho A AVE CR

SM; Suspended Matter [formative] SS; Suspended solids in the system, total concentration (mg/L) 0.905 [<0.0001] 1.000
MP; Microplastic percentage in the suspended solids (0e80%) �0.312 [0.001]

AGGREGATION [reflective] D50; median size of the particle aggregate (mm) 0.830 [<0.0001] 0.691 0.817
DNA.SS; mass-specific DNA concentration, a proxy for biofilm
thickness on the particles (ng/mg)

0.832 [<0.0001]

Table 4
Evaluation of the structural model based on path coefficients (b), their statistical
significance, and effect size (f2). Significant p values for each b are in bold.

Hypothesis Path b t value p value f2

H1 SM - > HAZARD 0.45 4.98 0.00 0.26
H2 SM - > AGGREGATION �0.69 14.90 0.00 1.07
H3 AGGREGATION - > HAZARD �0.37 4.07 0.00 0.16
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The mediating effects of AGGREGATION on the relationships
between SM and HAZARD and between BIOFILM and HAZARD were
significant, with path coefficients >0.1; the indirect effect of the
interaction term was omitted, because of the low path coefficient.
As suggested by the specific indirect effects (Table 5), in addition to
the direct impact onHAZARD (Table 4), SM contributed indirectly by
decreasing particle aggregation; this partial mediation was
Fig. 2. Variation in (A) mass-specific DNA concentration (DNA/SS; mg/g) in the test
mixture, (B) median aggregate size (D50; mm), and (C) Daphnia magna mortality
(proportion of immobilized animals after 96-h of exposure) as a function of suspended
solid concentration (SS; mg/L; shown on top), percentage of microplastic in the test
mixture (%MP; x axis) and biofilm treatment; 0 and 1 denote Biofilmeand Biofilmþ,
respectively. The bubble size corresponds to DNA/SS value.

H4 BIOFILM - > AGGREGATION 0.28 4.31 0.00 0.19
H5 BIOFILM - > HAZARD �0.14 2.02 0.04 0.04
H6 BIOFILM*SM1 - > HAZARD �0.16 2.42 0.02 0.06
H7 BIOFILM*SM2 - > AGGREGATION �0.14 2.59 0.01 0.05

Fig. 3. The model output for PLS-SEM evaluating the effects of the mixture of sus-
pended solids on their hazard potential. Path coefficients are shown for the inner
model. Outer weights (SM) and loadings (AGGREGATION) are shown for the outer
models. Coefficients in the measurement models vary between �1.0 (absolute negative
correlation) and 1.0 (absolute positive correlation). The outer loading is always 1.0 in
single item constructs. The numbers in the circles are adjusted R2 values. The hy-
potheses (H1-SEM to H7-SEM) addressed in the model are placed by the relevant
paths.

5

significant. BIOFILM also had a significant partial mediation, albeit
weaker, by increasing aggregation and decreasing the hazard po-
tential of the suspension.
5. Discussion

Using an experimental design that included mixed solids with
varying MP contribution and contrasting treatments with and
without a biofilm, we found that the primary driver of mortality
was the total concentration of suspended solids in the system
(Table 4, Fig. 3). This observation was not particularly surprising
considering many field (Hart, 1986; Zettler and Carter, 1986) and
laboratory (Ogonowski et al., 2018a; Rellstab and Spaak, 2007;
Zurek, 1983) studies demonstrating adverse effects of exposure to
high levels of sediment and other inorganic particles on planktonic
grazers, primarily daphniids. However, in addition to the moder-
ately strong direct effect on Daphnia survival, the high concentra-
tions of the suspended matter suppressed particle aggregation as
revealed by the PLS-SEM analysis (Table 4, Fig. 3), which re-
enforced the adverse effect of the suspension. Thus, hypotheses



Table 5
Mediation effects of AGGREGATION based on path coefficients (b) and their statistical
significance for specific indirect effects. Significant p values are in bold.

Indirect Effect b t value p value

BIOFILM - > AGGREGATION - > HAZARD �0.104 2.971 0.003
BIOFILM*SM2 - > AGGREGATION - > HAZARD 0.052 2.048 0.041
SM - > AGGREGATION - > HAZARD 0.254 3.869 0.000
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H1 and H2 were supported.
The aggregate formation is strongly dependent on particle

physicochemical and biological properties, which affect particle
adhesion upon collision (Kiø rboe et al., 1990). In different systems
used for particle aggregation studies, the mean aggregate size has
been found to be positively affected by primary particle size and
various chemicals acting as flocculants (Heath et al., 2006; Van
Leussen, 1988) but negatively by shear flow (Vassileva et al.,
2007) and high concentrations of suspended solids (Heath et al.,
2006). As particle aggregation was a significant component
involved in complex interactions with other experimental variables
(Fig. 3), it is important to consider the mechanisms of these in-
teractions in various experimental settings and recognize factors
governing the aggregation processes.

We found that aggregation was a significant partial mediator of
the suspendedmatter effect on the hazard properties of the particle
suspension, thus providing support to the hypothesis H3. As it was
a complementary mediation, we suggest that Daphnia mortality
was induced by high concentrations of suspended matter both
directly, by increasing energy costs for filtering and respiration
(Kirk, 1991b; Kirk and Gilbert, 1990), and indirectly, by reducing
aggregation and affecting particle size distribution. Although the
mechanism of the aggregation effect on the animal survival
(Table 4, Fig. 3) is not entirely clear, it seems plausible that higher
survival was related to a reduced total particle number concen-
tration in suspension and the decreased abundance of small-sized
particles because of their allocation to the aggregates. The parti-
cle size has been suggested to be one of the primary drivers of
mortality in Daphnia exposed to microplastics (Mattsson et al.,
2017; Rehse et al., 2016) but also mineral particles (Gophen and
Geller, 1984). For example, Mattson and coworkers (Mattsson
et al., 2017) compared the effects of PS nanoparticles of different
size and charge with various concentration on D.magna immobili-
zation. Among particles tested, only amino-modified polystyrene
(52e330 nm) with a diameter of 52 nm affected Daphnia, whereas
larger particles (120e330 nm) had no effect on the animals.
Furthermore, the observed effect was strongly concentration-
dependent with harmful effects at higher concentrations. In
daphniids and similar filter-feeders, effects of particle size on other
physiological functions, such as feeding and reproduction (Rellstab
and Spaak, 2007), have also been reported, with smaller particles
causing more profound adverse effects due to their easy clogging to
feeding appendages and carapace (Jeong et al., 2016).

As hypothesized (H5), the adverse effects of exposure were
significantly suppressed by biofilm grown on the surface of the test
particles (Table 5; Fig. 3), which promoted survivorship of the an-
imals. As expected, the pre-incubation of the test mixtures with
natural bacterioplankton resulted in the biofilm formation on the
particle surface (Table .1). Naturally, the more suspended solids
were present in the system, the thinner biofilm layers with the less
biofilm material per particle mass were found, as reflected by the
mass-specific DNA concentration (Fig. 2A). Notably, no effect of %MP
on the biofilm thickness was observed (Table .1), suggesting that PS
particles were colonized in a similar way as kaolin.

When the biofilm was present, we observed lower mortality
compared to the treatments where the test mixture was not pre-
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incubated with bacterioplankton, with the difference being signif-
icant at 100 and 1000 mg/L (Fig. 2C). Moreover, the PLS-SEM
analysis revealed that biofilm had both direct and indirect (i.e.,
mediated) effects on the hazard potential of the particle mixture.
The direct effect was weak, albeit statistically significant (Tables 4
and 5), suggesting that biofilm was used by the daphniids which
improved their survival rate as hypothesized in the PLS-SEM (H6). It
has been shown that the impacts of microplastic in grazers are
mostly related to a decreased calorie intake (Aljaibachi and
Callaghan, 2018; Ogonowski et al., 2016). Therefore, a biofilm
would add a nutritional value to the non-caloric particles as also
suggested by (Canniff and Hoang, 2018; Schoenberg and
Maccubbin, 1985).

In the PLS-SEM, there was also a complementary indirect effect
of the biofilm mediated by the particle aggregation (hypothesis H4;
Table 5, Fig. 3), with significantly higher aggregation in the pres-
ence of biofilm as also shown by the GLM results (Table 2; Fig. 2B).
The effect was moderate and e similar to the direct effect e

resulted in the improved survivorship, most likely due to the
decreased abundance of smaller particles which are known to
induce greater adverse effects. The increased aggregation in the
presence of biofilm was expected because both living microor-
ganisms and dissolved organics are well-known drivers of aggre-
gate formation (McAnally andMehta, 2000), including microplastic
aggregation (Michels et al., 2018). The structure of biofilm with a
sticky matrix composed of extracellular polymeric substances
(EPS), such as polysaccharides, lipids, protein, and DNA, stabilizes
physical bonds among the particles and thus promotes aggregation
(Ajao et al., 2018; Liao et al., 2002). Thus, the biofilm was beneficial
for survival via two alternative pathways, providing nutrition and
rendering particle size distribution less harmful. Therefore, in
natural waters, where biofilms are omnipresent and often very
abundant, the adverse effects of suspended solids will be lower
compared to the laboratory test systems with virgin plastic, auto-
claved media, and controlled microbial levels.

The mortality was inversely related to the proportion of the
microplastic in the mixture (Tables 3 and 4; Fig. 2C). The negative
loading of the %MP indicator in the SM construct (Table 3; Fig. 3)
indicates that the effect of the microplastic proportion in the
mixture is counteracting that of suspended solid concentration in
the system; the latter is also evident when examining the mortality
as a function of microplastic contribution (Fig. 2C). At lower %MP,
the aggregation is facilitated (Table 2, Fig. 2B), with concomitant
positive effects on survival (Fig. 3). Notably, the microplastic effect
on D50 was weak in the treatments without biofilm but increased
greatly when the biofilm was present as indicated by significant
interaction term in the GLM (Table 2, Fig. 2B) and significant
moderating effect in the PLS-SEM (BIOFILM*SM2; Tables 3e5) (H7).
Therefore, PLS-SEM mediation analysis suggests that the amelio-
rating effects of both biofilm and microplastic were largely related
to their stimulatory effects on the particle aggregation.

The MP effect on the aggregation in the presence of biofilms
could be attributed to the physicochemical properties of the ma-
terial (i.e., weathered polystyrene) but also to material-specific
biofilm communities. Becker and co-workers found that the EPS
production by aquatic biofilm-forming bacteria increased with an
increase of the substrate surface tension (Becker, 1996), and there
are similar observations for soil biofilms (Zethof et al., 2020). We
have also observed a higher bacterial diversity in the biofilm
growing on PS compared to kaolin (Ogonowski et al., 2018b) or
other polymers (McGivney et al., 2020). Although we did not
measure the surface tension or contact angle of the weathered PS
used here, the original pristine PS is hydrophobic, with a contact
angle of 91�, while the compound contact angle of kaolin is as low
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as 20� and, thus, is highly wettable (�Solc et al., 2011). Even if the
contact angle of the UV-treated PS became lower after the photo-
oxidation (Fox et al., 1968), the hydrophobicity of the microplastic
in our experimental mixtures was still much higher compared to
the kaolin. Therefore, we suggest that polystyrene as a substrate
supported bacterial communities capable of higher EPS production,
which translated to the positive %MP effect on the median particle
size in the Biofilm þ treatment.

Zooplankton, including daphniids, have also been reported to
shift particle size distribution to larger aggregates by filtering and
egestion (Filella et al., 2008). Moreover, other aquatic and soil biota
can significantly stimulate formation of aggregates and stabilize
their size distribution (Lehmann et al., 2019). In our experiment and
modeling, we have not attempted to account for the aggregate
formation induced by the test animals, because their small size
(neonate body length is less than 1mm), low density, and very high
amount of the suspended solids in the test mixtures suggested a
low possibility of detecting such effects. However, we detected
DNA, albeit in low amounts, in all treatments that were not sub-
jected to the pre-incubation with bacterioplankton (Fig. 2A), sug-
gesting that daphniids have, most likely, released some of their
DNA, as well as microbiota, to the surrounding media. These exu-
dates and microorganisms might have also contributed to the
particle aggregation during the exposure in the Biofilm-treatment.
Including a daphnia-free control in the test design would allow to
evaluate the effect of the test animals on particulate aggregation
during the exposure.

Our findings suggest that microplastic hazard assessment
should be conducted in the context of water quality guidelines for
suspended solids. A better understanding of the effect mechanisms
associated with suspended particles (e.g., composition, particle
size, and shape) is need for such assessment as also advocated in
the discussion on the hazard potential of suspended sediments and
other particulates (Bilotta and Brazier, 2008; Chapman et al., 2017;
Gordon and Palmer, 2015). In line with other studies (Burd and
Jackson, 2009), our PLS-SEM results suggest that aggregation is
an important parameter to consider, and particle size distribution is
a crucial parameter that needs to be measured in the test system if
we are to understand the effect mechanisms. Using artificially aged
polystyrene, we found that particle aggregation is a function of the
amount of the suspended matter (negative effect), the abundance
of the biogenic material (positive effect), and e to a lesser extent e
the relative abundance of microplastic (positive effect, particularly
in combination with biofilm). The microplastic effect on the
measured biological response may, however, differ, depending on,
for example, the polymer, its degradation status, and particle size,
as also shown by studies demonstrating that microplastic may
reduce survivorship of the test animals (Cole et al., 2015; Martínez-
G�omez et al., 2017; Ogonowski et al., 2016). In the presence of
biogenic material, the particle properties are also likely to affect
aggregation, with concomitant effects on the test organisms
(Rogers et al., 2020; Rummel et al., 2017). Combining environ-
mentally relevant variables in the test systems will enable a more
systematic assessment of the adverse biological effects of sus-
pended solids, both natural and anthropogenic.
6. Conclusion

Hazard assessment of microplastic is challenging due to the
complex behavior of particulates and aggregate formation, which is
facilitated by microorganisms present in the test systems. Using a
standard test species Daphnia magna exposed to mixtures of
fragmented polystyrene and clay, with and without biofilm, we
have shown that both microplastic and biofilm alleviated the
7

adverse effect of suspended solids. The ameliorating effects were
related to increased particle aggregationwhen biofilmwas present,
and polystyrene contribution in the suspension was high. These
findings highlight the importance of considering particle aggrega-
tion and its driving forces in effect studies and hazard evaluations
of plastic litter and other persistent solid waste.
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