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Environmental pollution by microplastics has become a severe problem in

terrestrial and aquatic ecosystems and, according to actual prognoses,

problems will further increase in the future. Therefore, assessing and

quantifying the risk for the biota is crucial. Standardized short-term

toxicological procedures as well as methods quantifying potential toxic

effects over the whole life span of an animal are required. We studied the

effect of the microplastic polystyrene on the survival and reproduction of a

common freshwater invertebrate, the rotifer Brachionus calyciflorus, at

different timescales. We used pristine polystyrene spheres of 1, 3, and 6 µm

diameter and fed them to the animals together with food algae in different ratios

ranging from 0 to 50% nonfood particles. As a particle control, we used silica to

distinguish between a pure particle effect and a plastic effect. After 24 h, no

toxic effect was found, neither with polystyrene norwith silica. After 96 h, a toxic

effect was detectable for both particle types. The size of the particles played a

negligible role. Studying the long-term effect by using life table experiments, we

found a reduced reproduction when the animals were fed with 3 µm spheres

together with similar-sized food algae.We conclude that the fitness reduction is

mainly driven by the dilution of food by the nonfood particles rather than by a

direct toxic effect.
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1 Introduction

Scientific and public interest in microplastics (< 5 mm)

highly increased in recent years and with it the upcoming

concerns of the negative impacts on wildlife and whole

ecosystems. Since surveys in marine ecosystems started to

evaluate plastic occurrences, first accidentally (Carpenter and

Smith, 1972) and later intentionally (Eriksen et al., 2014; Kanhai

et al., 2017), alarming results have been reported, and the

consequences of mismanaged plastic waste dumping and the

associated releases of plastic into the environment have become

apparent (Fok et al., 2019). However, (micro)plastics are not only

found in aquatic ecosystems. They seem to be ubiquitous;

whether in the sediments of fields (Piehl et al., 2018), in the

air (Allen et al., 2019), or even in the snow of the Arctic

(Bergmann et al., 2019), microplastics (MP) can be found.

The associated risk of this pollutant is still unknown.

Many studies reported that a wide range of marine and

freshwater organisms are able to ingest MP (Naidu et al., 2018;

Windsor et al., 2019). Effects of MP exposure and ingestion can

be manifold and likely depend on plastic type (Zimmermann

et al., 2020; Phothakwanpracha et al., 2021), particle shape

(Frydkjær et al., 2017; Qiao et al., 2019), particle size, and MP

concentration (Jeong et al., 2016; Sun et al., 2019). In addition,

the feeding strategy (Scherer et al., 2017) and the duration of

exposure (Eltemsah and Bøhn, 2019; Cappello et al., 2021) are

also determinants of the effect. Results of these laboratory

studies are inconclusive, and a general assessment about the

effect of MP on animal fitness or the risk of physiological

impairments cannot be made yet. Studies reported adverse

effects after MP exposure, resulting in increased mortality

(Maes et al., 2020; An et al., 2021), decreased reproductive

performance (Jeong et al., 2016; Jaikumar et al., 2019),

decreased food intake (Cole et al., 2015; An et al., 2021), or

even impacts at the molecular level (Gambardella et al., 2017).

However, other studies found no or negligible effects after MP

exposure on life history traits (Imhof et al., 2017; Wang et al.,

2019). These inconsistent MP exposure results may be due to

various reasons, such as exposure times, particle types, or test

organism. For example, the duration of MP exposure

differentially affects life history traits as shown in the study

by Eltemsah and Bøhn (2019) with the cladoceran Daphnia

magna. While in the short-term experiment, no acute toxic

effects could be observed after 48 h, the long-term experiment

(up to 77 days) revealed reduced growth and shifts in the timing

of reproduction (Eltemsah and Bøhn, 2019). In the study by

Cole et al. (2015) with the marine copepod Calanus

helgolandicus, it is also evident that the duration of MP

exposure plays an important role. Here, increased mortality,

reduced egg size, and decreased hatching success were only seen

later in the course of the experiment (Cole et al., 2015).

In addition to this unclear picture of the potential effects of

MP on aquatic organisms, a shortcoming of current MP

research is the frequent lack of an adequate control of

inorganic particles (Ogonowski et al., 2018). Aquatic

organisms are exposed to a wide range of natural particles,

such as particulate organic matter (Wilkinson et al., 2013) or

inorganic matter, such as calcite (Stabel, 1986) or clay particles

(Tietjen et al., 2005). Therefore, for MP risk assessment

distinguishing between changes in life history traits caused

by a specific plastic effect or a general particle effect is

crucial (Connors et al., 2017). As shown in some studies,

increasing concentrations of inorganic particles impair algal

uptake by cladocerans (Arruda et al., 1983; Hart, 1988) and

result in lower population growth (Kirk, 1991). Furthermore,

inorganic particles affect zooplankton groups differentially, as

shown in a competition experiment with cladocerans and

rotifers by Kirk and Gilbert (1990). There, rotifers were

found to be more competitive than cladocerans at high

inputs of inorganic particles, likely due to their differing

feeding modes (Kirk and Gilbert, 1990). Inorganic particles

have rarely been used as reference particles in experiments with

cladoceran (Schür et al., 2020; Zimmermann et al., 2020), and

for rotifers, only one study recently included inorganic particles

in MP experiments in its experimental design (Drago and

Weithoff, 2021).

Nevertheless, the uptake of MP at the beginning of the food

chain is considered particularly critical due to the risk of

bioaccumulation and biomagnification between trophic levels

(Setälä et al., 2014). Although the focus changed somewhat in

recent years, most MP studies focused on marine environments,

so freshwater systems are still underrepresented (Wagner et al.,

2014; Blettler et al., 2018). The magnitude of MP concentrations

in freshwater ecosystems has been described in several studies

for lakes (Fischer et al., 2016; Di and Wang, 2018) and rivers

(Mani et al., 2015; Kapp and Yeatman, 2018), demonstrating

the need to study the impact of MP on aquatic freshwater

organisms. In freshwater systems, rotifers are a pivotal

component of zooplankton communities (Arndt, 1993),

providing an important link between primary producers and

secondary consumers (Walz, 1993). Also, if food resources are

adequate, they are widespread and can develop high population

densities in freshwaters (Wallace and Snell, 2010). Although

rotifers play an important role in limnetic food webs, studies

related to the impact of MP to this phylum are still extremely

scarce.

The aim of this study was to investigate the effect of

polystyrene MP on the life history traits reproduction and

survival of the rotifer Brachionus calyciflorus. Therefore, we

tested three MP sizes (1, 3, 6 μm) of spherical shape and

exposed the rotifer, first, in a short-term acute toxicity test by

using increasing MP concentrations and food limitation as

additional stressor. In this approach, we used silica beads of

the same size range as MP as inorganic reference particles.

Second, we tested the impact of the same MP spheres in a

long-term chronical toxicity test by using one MP
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concentration, no reference particles, and food saturation. Thus,

we excluded additional stress by food limitation to attribute any

effect on life parameters to MP exposure. We chose these two

types of particles because polystyrene is one of the most common

plastic types found in aquatic ecosystems (Andrady, 2011; Mani

et al., 2015), and silica is one of the most abundant minerals of the

Earth’s crust and is formed during the weathering of rock

formations.

2 Materials and methods

2.1 Test particles

To examine the impact of microplastics and more natural

particles on life history traits of an aquatic microconsumer, we

used polystyrene (PS) and silica (Si) microsized beads. PS was

purchased from Polysciences Europe GmbH, green fluorescently

(excitation 441 nm, emission 486 nm) with a density of

1.05 g cm−3. Si was purchased from microParticles GmbH

Berlin, nonfluorescent with a density of 1.85 g cm−3. We used

the Si particle as a reference particle for PS only in the short-term

exposure experiments. Both test particles demonstrated

diameters of approximately 1.0, 3.0, and 6.0 μm (detailed

information in supplementary material, Supplementary Table

S1), respectively. The particle stocks were prepared in MilliQ

water in the required concentrations under sterile conditions and

were stored in a fridge at 6°C in the dark to prevent bacterial

growth. Particle concentrations were microscopically quantified

using a hemocytometer (Neubauer improved; CH 30, Olympus

Europa SE & Co. KG) and an Olympus (Europa SE & Co. KG)

microscope. To avoid particle aggregation, the stocks were

sonicated (Sonorex Digitec DT 514 BH, Bandelin electronic

GmbH & Co. KG) 30 min before use. For the short-term

acute toxicity test (AT, see section 2.4.1), we used the

surfactant Tween 20 to prevent the aggregation of particles

during the exposure time. Therefore, we added 10 μL of 1%

surfactant Tween20-stock to the particle stocks.

2.2 Cultivation of rotifer and algae

For the experiments, we used the parthenogenetic

monogonont rotifer B. calyciflorus s.s. (Strain USA,

Paraskevopoulou et al., 2018) as a microconsumer, which was

originally collected at lake Michigan and has been in continuous

culture since 2001 in our lab. Rotifer cultures for the short-term

AT were fed with the spherical, unicellular green alga Chlorella

vulgaris (Chlorophyta; strain 211-11b, Culture Collection of

Algae, University of Göttingen, Germany, mean equivalent

spherical diameter = 3.4–3.7 μm). To exclude interference of

the particle shape between nonfood and food particle in the AT,

we decided to use the spherical alga C. vulgaris. For the long-term

chronical toxicity test (CT), rotifers were fed with the sickle-

shaped chlorophyte alga Monoraphidium minutum (strain

243–1, Culture Collection of Algae, University of Göttingen,

Germany, mean equivalent spherical diameter = 3.4 μm). Both

algae are in the same size range, of similar nutritional quality for

B. calyciflorus, and are frequently used in laboratory experiments

(C. vulgaris: Sarma et al., 2000, M. minutum: Schälicke et al.,

2019). Rotifers were fed ad libitum every week with the respective

algae. Algae and rotifers were kept in modified Woods Hole

(WC) Medium (Guillard and Lorenzen, 1972) at 20°C, at a day/

night cycle of 16:8 h, and at light intensity of 35 μmol m−2 s−1

photosynthetic active radiation. Algal cultures were grown in

semi continuous batch cultures, to keep them in exponential

growth phase. Rotifer cultures were regularly fed and transferred

into fresh flasks.

2.3 Food concentrations at acute and
chronic exposure

Next, we used different food levels for acute and chronic

toxicity experiments. For the AT tests, we aimed for a food level

that allows for moderate growth. No food would lead to 100%

mortality after 4 days making it impossible to estimate toxicity

effects of MP in relation to the control. Saturating (high) food

concentrations might lead to aggregations interfering with the

MP. Therefore, the food concentration at which population

growth is half maximal was determined by measuring

population growth at cell concentrations of (0.05 × 106,

0.125 × 106, 0.25 × 106, 0.5 × 106, 1 × 106, 2 × 106 cells mL−1)

for 4 days. After fitting a saturation curve to the growth rate vs.

food concentration data, the food concentration of half-maximal

growth of 0.41 days−1 was 1.43 × 105 cells mL−1 (~2.94 ×

106 μm3 ml−1). For the CT, we wanted to test for a sublethal

effect in relation to optimal environmental conditions. Thus,

nonlimiting food conditions were chosen by using an algal

concentration of 5.0 × 105 algae cells mL−1 (~14.1 ×

106 μm3 ml−1) of M. minutum (Fussmann et al., 2005). While

MP studies often use mass or particle number as unit, to better

compare treatments with the silica beads, we decided to use (bio)

volume, because of their high specific weight. Previous studies

demonstrated that B. calyciflorus ingests both nonfood particles

(Drago et al., 2020; Drago and Weithoff, 2021); however, we did

not quantify the actual ingestion in the present study.

2.4 Short-and long-term test approaches

We performed two short-term acute toxicity tests, one for

24 h (AT24) and one for 96 h (AT96), and one life table

experiment (CT) to assess the whole life cycle. For the AT24/96

tests, we tested for the effect of three sizes of PS and silica in

comparison to a control without artificial particles (only algae).
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For the life table experiments, we tested only PS, because the

experimental set-up did not allow for sufficient turbulence to

keep the silica beads in suspension as the PS did (see below).

2.4.1 Acute toxicity test (24 and 96 h)
In order to start the experiment with young animals of the

same age, 4 days prior to the experiment, a subsample from

the stock culture was transferred in six-well plates, each well

containing 2 ml WC-Medium. Two days later, the animals

were fed ad libitum with C. vulgaris to synchronize

parthenogenetic reproduction. At experimental day 0, to

remove remaining algae, adult rotifers were sieved through

a 30 μm mesh (Macs SmartStrainer). Thereafter, subitaneous

eggs were separated from the adult rotifers by using a vortexer

(Vortex Genie 2) at maximum rotation velocity for

approximately 1 min. Unattached subitaneous eggs in

progressive state of development (Castellanos Paez et al.,

1988) were selected to gain neonates of approximately same

age for the experiment (~2 h hatching span). To examine the

short-term effects, B. calyciflorus was exposed to varying MP/

silica particle concentrations. We applied a substitutive design

by keeping the total volume of particles constant and varied

the relative contribution of artificial food particle to the total

amount of particles. The applied artificial particle

concentrations were 0% (control, C. vulgaris: 2.94 ×

106 μm3 ml−1), 20%, 33%, 43%, and 50% proportion of

artificial particle to total particles, see supplementary

material, Supplementary Table S2. Next, the AT24 test was

performed with three and the AT96 test with four replicates.

To prevent the aggregation of particles during the exposure

time, we added 10 μL of 1% surfactant Tween20-stock to the

particle stocks. The same amount of Tween was additionally

added to MilliQ water stocks. To obtain the same

concentration of Tween in each glass vials, these stocks

were used for the lower particle volumes. To exclude

hidden effects from the surfactant agent on B. calyciflorus,

a control with Tween and food algal for both short-term tests

were made. Since we found no effect of Tween, we pooled the

data from the control and the Tween treatment. This ends up

in a total of 78 vials for the 24-h and 104 vials for the 96-h test.

Soda-lime glass vials (Height 24 mm, Diameter 24 mm,

Volume 7 ml, Carl Roth) were filled with WC-Medium (5 ml),

the appropriate particle concentration, and the food alga. Each

vial was shaken for 5 s (Vortex Genie 2), and then, detached

subitaneous eggs were added to the vials. To prevent air bubbles,

the remaining volume was filled with WC-Medium.

Subsequently, glass vials were darkened with duct tape and

fixed randomly on a plankton wheel for 24 h or 96 h at a

rotational speed of 13 rpm at 20°C (±1°C). The vials were

darkened to prevent algal growth during the exposure time.

To determine the survival and growth rate of the rotifers after

the end of each experiment, the content of each vial was

transferred in a well of a six-well plate and rotifers (live and

dead), and their eggs were counted using a Stereomicroscope

(Stemi 2000 C Carl Zeiss). Animals were declared dead if no cilia

nor mastax movement was observed for 5 s. The intrinsic

population growth rate r (per day) was calculated according

to the equation:

r � ln(N1 + 1) − ln(N0)
Δt (1)

where N0 describes the number of rotifers at the beginning of the

experiment, N1 the number of rotifers at the end of the

experiment, and Δt the time interval (4 days). Since in about

one-third of the samples, no live rotifers were present after 96 h,

we used the N1 + 1 transformation. No growth was detected

after 24 h.

2.4.2 Chronical toxicity test: Life table
experiment

Three days before the start of the CT, to ensure equal and

good physiological conditions, the rotifers were fed daily with

approximately 1 × 106 cells mL−1 of the food algal M.

minutum. From this stock, 24 egg-bearing females were

transferred into 24-well microtiter plates with the target

experimental condition. The experiment started with the

hatching of the neonates in their respective experimental

condition. In all experiments (control and treatments),

animals were provided with algal food at a concentration of

5 × 105 cells mL−1 (~14.1 × 106 μm³ mL−1). For the PS

treatment, a fixed particle volume of 9.52 × 105 μm³ mL−1

(~1 μg ml−1) was used. Thus, the number of beads decreased

with increasing bead sizes. The total volume of the algae was

ca. 15 times higher than the volume of the beads

(Supplementary Table S2).

Every 24 h (±1 h), the surviving rotifers were transferred

in to a new well with the target conditions, and the number of

eggs and neonates was recorded. The experiments were

terminated when the initial rotifer died. Rotifers were

declared dead when neither cilia nor mastax movement

was detected after 5 s. Next, the experiment was run at

20°C (±1°C) in the dark to prevent algal growth, and the

plates were placed randomly on a rocker shaker to keep PS in

suspension. The experiments were run sequentially, and the

plastic-free control was repeated in each run. Since no

differences among the different controls were found, these

data were pooled. The life table experiments provided data

on life span and reproduction: the average life span, the age-

specific survival (lx), and the age-specific fecundity (mx) were

calculated; x was defined as the age level per day, lx as the

proportion of surviving animals at the beginning of an age

level, andmx as the number of offspring per surviving animal

(Begon et al., 1996). The age-specific net fecundity (lxmx), the

net reproduction rate (R0, Eq. (2)), the generation time (T,

Eq. 3), and the intrinsic population growth rate r (Eq. 1) were

calculated as well.
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R0 � ∑∞
0
lxmx (2)

T � ∑xlxmx

ln(R0) (3)

The intrinsic population growth rate r was calculated

using the bootstrapping with 199 iterations (Weithoff and

Wacker, 2007). To calculate the standard error, the 95%

confidence interval obtained by the bootstrapping method

was used (Higgins et al., 2019). For better comparability

between results from the AT96 and CT, r was calculated

after the first 96 h. To prevent zeros, the data were N1 +

1 transformed.

2.5 Statistical analyses

All data (AT and CT) were tested for normal

distribution and homoscedasticity. We used One-way

ANOVA for data analysis. If test requirements did not

apply, nonparametric Kruskal–Wallis (KW) test or the

Scheirer–Ray–Hare (SRH) test (Scheirer et al., 1976) was

conducted. When significant results (p ≤ 0.05) of the above

tests were obtained, Tukey HSD and Dunn’s test with

Bonferroni correction were used as posthoc procedures.

In general, we tested the influence of nonfood particles, size

of the particles, the concentrations, and the time (only AT)

as well as the interaction of these parameters on the life

history traits of B. calyciflorus. In the AT, we tested

specifically, if differences between both nonfood-particle

types could be found.

3 Results

3.1 Survival

Survival (N24) of B. calyciflorus after 24 h (AT24) was

neither affected by PS nor by Si particles of any size or

any tested particle density (Figure 1A, SRH test: p > 0.05,

KW test: p > 0.1, Supplementary Table S3, S4). After 96 h

(AT96), we also found no effect of particle type (SRH test: p =

0.9) or particle size (SRH test: p = 0.73) on rotifer survival

(Supplementary Table S5). However, a variable decrease in

survival was observed in response to artificial particles

compared to the control. In detail, exposure to nonfood

particles (PS, Si) induced a decrease in survival N96 of the

rotifers (Figure 1B) for one size of PS and for all three sizes of

Si compared to the control group (KW test: PS: p = 6 μm =

0.01; Si: p = 1, 3, 6 μm = 0.02, Supplementary Table S6).

However, no clear trend emerged with respect to the increase

of nonfood proportions (Figure 1B). While no significant

differences from the control were found for 1 and 3 μm PS

FIGURE 1
Survival of B. calyciflorus after exposure to polystyrene and silica particles of three sizes (1, 3, and 6 µm) and different concentrations (0–50%
food/nonfood proportion) and the control (C, food particle only). (A) survival expressed in rotifers alive after 24 h (N24) of the acute toxicity test (AT24).
(B) Survival expressed in rotifers alive after 96 h (N96) of the acute toxicity test (AT96). Data were expressed as mean ± standard error.
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with increasing concentrations (KW test: p = 1 μm = 0.1,

3 μm = 0.08), a decrease in rotifers was observed with Si

particles for these two sizes: at 50% and 20% food/nonfood

ratio (Dunn´s test: p = 1 μm = 0.01, 3 μm = 0.03,

respectively). Interestingly, survival was significantly

different from control for the 6 μm for both particle types

at the lowest (20%) (Dunn’s test: P = PS = 0.03, Si = 0.04) and

highest food/nonfood proportion (50%) (Dunn’s test: P = PS/

Si = 0.02, Supplementary Table S7).

In CT, instead, no significant difference in survival of B.

calyciflorus could be detected in the PS treatments compared to

the control (Figures 2A,C). The average life span varied

nonsignificantly between 5.0 and 6.6 days among treatments.

(One-way ANOVA: for PS presence, p = 0.0957, Supplementary

Table S8).

3.2 Reproduction and growth rate

No reproduction occurred in the AT24; thus, the intrinsic

rate of population growth r was calculated only for AT96, and

CT96 (r of the CT was calculated after 96 h for reasons of

comparison). While the growth rate for the control of the AT96

was 0.22 (±0.06SE) day−1, the mean growth rate in both particle

treatments (AT96) was either negative, or slightly above zero,

for the 3 and 6 μm Si treatments (Supplementary Table S13). No

effect of the particle sizes (SRH test: p = 0.72), the particle type

(SRH test: p = 0.89), the interaction of the two (SRH test: p =

0.57, Supplementary Table S9) was found for either nor for

increasing concentrations (SRH test: p = PS = 0.32, Si = 0.12,

Supplementary Table S10). We only found effects on the

intrinsic population growth rate r compared to the control

FIGURE 2
Results of the life table experiments (CT) for B. calyciflorus exposed to polystyrene beads of three sizes (1, 3, and 6 µm) and the control
(Monoraphidium minutum). (A) age-specific survival (lx), (B) age-specific net fecundity (mx ˑ lx), (C) average life span in days, and (D) averaged
fecundity expressed as eggs per female. Data for (C) and (D) were expressed as mean ± standard error. Different letters above columns indicate
significant differences (p < 0.05).
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(Figure 3, Supplementary Table S11). For the AT96 and the CT

test, different food levels were tested, and thus, the effects of PS

are compared in the light of presence and absence of food

limitation (Figure 4). The food levels resulted in a growth rate

of 0.71 (±0.07 SE) at high food and of 0.22 (±0.06 SE) at low

food, which is comparable to other studies using B.

calyciflorus and these two food algae (Rothhaupt, 1990;

Weithoff and Walz, 1995; Sarma et al., 2001). In general,

growth rates in CT at high food were significant higher as in

the AT96 at low food (KW test: p = 0.02, Supplementary Table

S12). The age-specific net fecundity (Figure 2B) showed a

delayed reproduction for 1 μm PS and a decreased total

reproduction for 3 μm PS compared to the control.

Averaged egg production (mean eggs per female: 1 μm =

9.6, 3 μm = 6.2, 6 μm = 9.0, control = 10.6) in the CT

differed significantly between 3 μm and the control group

(TukeyHSD: p = 0.001, Figure 2D, Supplementary Table S8).

Detailed results of the CT test are listed in supplementary

material (Supplementary Table S14).

4 Discussion

4.1 No acute toxicity of polystyrene

Ourresults indicate that short-term exposure (AT24) to PS in

the size classes 1, 3, and 6 μm and at varying concentrations (6,

20, 33, 43 and 50% nonfood-particle proportion) did not

demonstrate an acute toxic effect on the rotifer B. calyciflorus.

These findings are confirmed by other studies for PS and for a

range of aquatic organisms (Gambardella et al., 2018; Eltemsah

and Bøhn, 2019). The assumption exists that microplastic,

especially of spherical shape, can be easily ingested but also

egested (Cole et al., 2013; Scherer et al., 2017). Nevertheless, we

found an impact of microplastics on B. calyciflorus at longer

timescales. The reproduction decreased in comparison with the

control groups both, in the AT96 and the CT test, whereas the

survival was only affected in the AT96 test. As reported in other

studies, it seems that the reproductive output of aquatic

invertebrates is more affected by the uptake of microplastic

than their survival (Lee et al., 2013; Jaikumar et al., 2019).

The pattern of reduced reproduction along with no clear

effect on life span can be explained ecophysiologically. Many

animals including rotifers (Weithoff, 2007; Snell, 2014) respond

to a reduced food supply with a prolongation in life span on the

expense of reproduction. A shortening in life span will only occur

at exceptionally severe food limitation close to starvation. Since

many studies do not cover the whole life cycle, changes in life

span (in particular extensions) cannot be detected. In our study, a

tendency from this ecophysiological pattern can be seen in the

1 μm treatment. In the first days, reproduction was slightly

delayed, and survival was still relatively high, while at the

peak of reproduction, it then continuously decreased.

4.2 Particle vs. microplastic effect

Between PS and Si, no significant effects were found neither with

increasing particle size nor with increasing concentration. The

results of the AT96 suggest a particle rather than a microplastic

effect. Similar life history responses were determined in a study by

Ogonowski et al. (2016) withD.magnawhen comparing pristine PE

beads with kaolin. Also, Yap et al. (2020), who used red clay as

natural particles and PVC to study a potential effect of byssus

production, respiration, and survival rate in a marine mussel, found

no difference between the two particle types. Next, interestingly,

Coady et al. (2020) found, in their study, with D. magna no

differences at all in the investigated life history traits between

FIGURE 3
Intrinsic rate of population growth r (day−1) of B. calyciflorus after exposure to polystyrene and silica particles of three sizes (1, 3, and 6 µm) and
different concentrations (0–50% food/nonfood proportion) and the control (C, food-particle only) for 96 h (AT96). Data were expressed as mean ±
standard error.
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control (laboratory dilution water), the reference particles (fumed

nanosized silica), and the used microplastic (nanosized ethylene

acryl acid copolymer). Next, contrary, Harris and Carrington (2019)

and Zimmermann et al. (2020) reported, in their studies, with the

musselMytilus trossulus and the cladoceran D. magna that MP, but

not the tested natural particles, negatively affected the life parameters

of these organisms. The reasons for the different results might be

manifold, for example due to the type, size, or shape of the particle

tested, the concentration used, the organisms, the duration of the

experiment, the observed life history traits, or the experimental

design. Especially when conducting experiments with particles, its

effect on the organism strongly depends on its bioavailability, which

can be modified by aggregation (Drago et al., 2020) and

sedimentation (Schür et al., 2020). Until now, only a few studies

used reference or natural particles inmicroplastic ecotoxicology tests

with aquatic organisms. However, these and our results show that an

urgent need exists to use a reference particle instead of a commonly

used particle-free control to evaluate a potential plastic effect and

thus a valid risk assessment of MP for aquatic organisms (Connors

et al., 2017; Ogonowski et al., 2018).

4.3 High food vs. low food

In the AT24 and AT96, we tested food limitation as an

additional stressor, which was excluded in the CT, where

sufficient food algae were available. After 24 h, food limitation

exhibits no effect on survival, because B. calyciflorus is able to

survive starvation during the first 24 h (Kirk, 1997). In the AT96,

particle exposure caused comparable effects in the life history

traits of B. calyciflorus for all three sizes and food/nonfood-

particle proportions, and these differed markedly from the

particle-free control. The most obvious cause for this is likely

to be a dilution of the food alga (Kong and Koelmans, 2019). As a

consequence, the ingestion of food particles decreased, which

resulted in declining energy uptake that ultimately affected life

history traits (Arruda et al., 1983; McCabe and O’Brien, 1983).

When comparing the results of the AT, this process can be seen

by monitoring N(t). After 24 h, no difference in survival was

observed between particle-free (food algae only) and particle

treatments (PS, Si), as sufficient food algae were available for the

starting population of 7 rotifers. Only during the course (AT96) of

the experiment and increasing population size, subsequently

higher algae consumption rate potentially led to a

deterioration of the food/nonfood-particle ratio, and the

dilution effect became apparent. Further evidence for this

explanation came from the life table experiments (CT), where

the algae dilution factor (~6% of the diet) was low. In this case,

enough food algae could be ingested to compensate the nutrient

deficiency that occurred during the ingestion of nonfood

particles. For this reason, the ratio between food/nonfood

particles is crucial for life history trait outcomes, as food

availability can alleviate nonfood particle (e.g. MPs) effects in

B. calyciflorus (Drago andWeithoff, 2021; Xue et al., 2021) andD.

magna (Ogonowski et al., 2016). Xue et al. (2021) reported a

decrease in net reproduction rate during the exposure to

polyethylene microbeads, but this effect could be mitigated by

increasing the concentration of food algae. That supports our

hypothesis that a diluting effect or the ratio between food/

nonfood particles plays a more important role for life history

traits of B. calyciflorus than a direct toxic effect of PS

microplastics. In general, sufficient food sources often

attenuate trait responses to toxic stress stimuli in rotifers

(Cecchine and Snell, 1999; Sarma et al., 2001) and daphnids

(Reinikainen et al., 1994; Pereira and Goncalves, 2007).

Nevertheless, we found a decreased reproduction in the CT,

even under high food conditions in the 3 μm treatment, which

indicates that 3 μmMP was ingested along with the same sized

algae (M. minutum: ~3.5 μm in diameter; Drago et al., 2020). In a

study by DeMott (1986) with B. calyciflorus, researchers showed

that no discrimination was found between particles with and

without nutritional value; thus, B. calyciflorus does not seem to be

able to discriminate between food algae and MP. In light of these

findings, a risk of mistakenly ingestion of MPs appears when they

are in the same size range as the corresponding food particles.

Considering the many studies that demonstratedMP ingestion in

zooplankton species and additionally the continuous release of

plastic debris into aquatic ecosystems, as well as the continued

degradation of plastics, researchers suggested that reproduction

affected by MP ingestion could result in implications for entire

food webs and associated ecosystem services.

4.4 Environmental relevance of the study

The concentrations of MP used in the experiment are, by

far, higher than the ones that have been found in freshwater

FIGURE 4
Intrinsic rate of population growth after 96 h of B. calyciflorus
for the acute toxicity and chronical toxicity test. Shown are the
results for the nonfood particle (polystyrene) for 1, 3, and 6 µm
beads and the respective control group (C, food-particle
only). Data were expressed as mean ± standard error.
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ecosystems. However, higher MP concentrations compared to

MP assessments in water columns of lakes and rivers are quite

conceivable near point and nonpoint sources such as

wastewater treatment plants (WWTP) or during/after storm

or heavy rain events. For example, Hitchcock (2020) showed

that the concentration of MP per m3 water was increased 40-

fold during a storm event. It should be noted that in most cases

for MP concentration surveys, mesh widths of < 300 μm were

used (Barrows et al., 2017; Mendoza and Balcer, 2019;

Lindeque et al., 2020). However, this does not capture the

fraction of small MP that falls within the food size spectrum of

a broad range of zooplankton species (Cole et al., 2013;

Botterell et al., 2019). The indication of underestimated

high concentrations of small MP are shown in studies of

Wiggin and Holland (2019) and Enders et al. (2015) for

marine and estuarine ecosystems, where the smallest size

fraction of MP (3–20 and 10 μm, resp.) accounted for the

highest MP proportion. Thus, the expectation exists that the

concentrations of small MP found in the future will increase by

employing advanced methods and also due to continuous

physical fragmentation of larger plastics (Andrady, 2011).

However, it should be emphasized that we used pristine PS

without additives like plasticizer, flame-retardants, or UV

stabilizers, which are bioavailable for animals and are

suspected to be toxic when ingested (Rochman, 2015).

Microplastics are also known for their potential to adsorb

organic pollutants like pesticides (Li et al., 2021), which

could also be a threat for aquatic organisms. Their

implementation might have altered our results, as shown in

a study by Schrank et al. (2019) using D. magna and leaching

additives.

5 Conclusion

We conclude that the combination of short- and long-term

experiments in ecotoxicology provide a much deeper

understanding of the underlying processes of potential

toxicity. Further, this appears to be particularly true for

sublethal effects such as delayed reproduction or changes in

life span.
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