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Abstract 

The effects of microplastics on zooplankton are an increasing environmental concern. Both 

primary microplastics that are produced as constituents of cosmetic products, as well as 

secondary microplastics that are formed by degradation of larger plastic debris, are ubiquitous 

in aquatic environments. Today, primary microplastics are being phased out and replaced by 

plant-derived bioplastics. Whether these new materials have similar effects as oil-based 

microplastics on animals is currently unknown. Here, we compare the effects of secondary 

microplastic exposure to Daphnia magna, using polylactic acid (PLA) as a representative for 

bioplastics and polystyrene (PS) for oil-based plastics. To increase the ecological relevance of 

our tests, we also provided treatments where the particles were coated with bovine serum 

albumin (BSA) as a means to simulate the coating of biofilms which readily form on particles 

under natural conditions. Furthermore, to be able to differentiate the effects of general 

particles from those specific to microplastics, kaolin clay was used as a control treatments, as 

well as one treatment containing only algae. The objectives were to test the influence of 

particles on feeding rates, reproduction and growth. PS caused a higher mortality, decreased 

feeding rate and reproductive output, while PLA and kaolin did not produce any negative 

effects. BSA did not have a significant effect on reproduction or growth. However, a decrease 

in reproduction was observed in the plastic treatments. Degradation of PS into styrene 

monomers is suggested as a possible explanation for the observed toxicity and effects on life 

history parameters.  
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Introduction 

Plastic pollution in marine environments is an increasing environmental concern, with plastic 

now constituting up to 80 % of all marine debris (Barnes et al. 2009). Its durability and 

recalcitrance to degradation has led to a steady accumulation in the environment. The most 

common polymers found in marine environments include polystyrene, polyetyhylene and 

polypropylene (e.g. Lozano & Mouat 2009, Moore et al. 2011, Sadri and Thompson 2014, 

Eriksen et al. 2014). Today, it is estimated that a minimum of 5.25 trillion plastic particles, 

with a total weight of 268 940 tonnes are present in the oceans’ surface (Eriksen et al. 2014).  

Although plastic degradation is a slow process even under optimal conditions, it is prolonged 

in marine environments due to low temperature, as well as biofouling that reduces the 

exposure to UV light  (Barnes et al. 2009, Gregory 2009), properties of the material, such as 

plastic type, thickness and additives (Calrecycle 2012). Nevertheless, with time, degradation 

does occur and fragmentation results in the formation of so called secondary microplastic 

(synthetic polymer particles <5 mm) and it is estimated that > 90 % of the total plastic particle 

count in the world’s oceans today is composed of microplastic (Eriksen et al. 2014). Another 

source of microplastic are so called primary microplastics which are produced as constituents 

in e.g. personal care and cosmetic products, and are often regularly shaped microspheres 

(Cole et al. 2011). Both primary and secondary microplastics are today ubiquitous in aquatic 

environments, present in both surface waters, the water column and sediments (Ivar do Sul 

and Costa 2014). 

The quantification of plastics varies on the sampling site, depth (surface, water column, 

sediment), mesh size, as well as the proximity to point sources (Gorokhova 2015, Gewert et 

al. 2017). The observed concentrations vary widely, from e.g. 1.3 particles m-3 in Arctic 

surface waters (>333 µm)(Lusher et al. 2015), an average of 2.5 particles m-3 in the 

subsurface of the Northeast Atlantic Ocean (>250 µm)(Lusher et al. 2014), to an average of 

3.9 particles m-3 and a maximum of 18 particles m-3 in the surface of the California coast 

(Lattin et al. 2004). In the Baltic, a recent study from the Swedish archipelago surface waters 

reported a maximum concentration of 7.7 plastic pieces m-3 (>335 µm)(Gewert et al. 2017). In 

freshwater, a maximum concentration of 4.4 particles m-3 (>300 µm) was observed in the 

surface of an Italian lake (Fischer et al. 2016), and 1.4 particles m-3 (>100 µm) in a Canadian 

river (Vermaire et al. 2017) Although quantitative data on the smaller particles (<100 µm) is 

scarce, a few studies have reported considerably higher concentrations compared to the larger 

size fraction. For example, in in the Northeast Pacific Ocean subsurface waters 9.2 x 103 

particles m-3 were found using a 62.5 µm sieve (Deforges et al. 2014). Gorokhova (2015) 

observed similar values in the Baltic with a maximum of 7.5 x 103 particles m-3 using a 90 µm 

mesh. The concentration of smaller particles than those described previously, are currently 

unknown, but following the pattern of observed fragmentation, it is likely that they are even 

higher. 
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Ingestion of microplastics and effects on biota  

The adverse effects of larger plastic debris on biota are relatively well studied, including 

entanglement, ingestion and gastrointestinal blockage (Laist 1987, Derraik 2002), however, 

the impacts of  microplastics are still not fully understood.  Microplastic ingestion has been 

observed in several aquatic organisms, ranging from invertebrates to whales (Cole et al. 2013, 

Wright et al. 2013, Setälä et al. 2014, Baulch and Perry 2014). 

Recent studies have shown that microplastics can have effects on zooplankton and other 

aquatic invertebrates, including reproductive failure, reduced growth rates and decreased food 

intake by nutrient dilution (Cole et al. 2011, Wright et al. 2013). Such responses are however 

not exclusive microplastics. In fact, both organic and inorganic suspended particles, e.g. 

detritus and silt that occur naturally in aquatic environments impact filter feeding organisms. 

For example, the presence of silt and clay particles have been shown to decrease filtering, 

assimilation, growth, survival and fecundity in different daphnid species of (McCabe and 

O’Brien 1983, Kirk 1991, 1992, Rellstab and Spaak 2007). 

Furthermore, microplastics could possibly have toxicological effects on organisms, either by 

leaching of plastic additives, e.g. phthalates, or by accumulating hydrophobic contaminants 

from the water phase which can be transferred to the animal (Teuten et al. 2009, Cole et al. 

2011). However, the magnitude of these transfers under natural conditions, compared to other 

sources, is still under debate (Jahnke et al. 2017). 

The crustacean Daphnia magna is a non-selective filter feeder (DeMott 1982, Kerfoot and 

Kirk 1991) and have a vital ecological role in freshwater ecosystems as primary consumers 

and as a major food source for planktivorous fish (Ebert 2005). Daphnids are also model 

organisms in aquatic ecology and ecotoxicology, and hence suitable study organisms for 

microplastic exposure. Like many naturally occurring particles, microplastics have been 

shown to have a negative effect on food intake in D. magna (Ogonowski et al. 2016) which in 

some studies also has been linked to sensitivity to starvation, clutch size  and reduced 

offspring feeding rates under experimental conditions, (Gliwicz and Guisande 1992, Garbutt 

and Little 2014). The magnitude of effects has generally been linked to particle size, where 

sub-micrometer particles have been shown to be the most harmful and cause adverse effects at 

the cellular level (Lee et al. 2013, Besseling et al. 2014, Jeong et al. 2016). Secondary 

microplastics have also been shown to be more harmful than primary ones (Ogonowski et al. 

2016) although the mode of action still is unknown. The chemical composition of the polymer 

is likely also a component affecting toxicity but relatively few comparative studies have been 

performed.   

Biofilms alter particle properties 

Unlike most experimental studies where “clean” particles have been used, all particles are 

readily coated by biofilms under natural conditions. This organic coating consist of a complex 

matrix of bacteria, viruses, fungi and algal cells and is known to affect particle surface 

properties, like surface charge and wettability (Hughes 1975, Jaccarini and Schembri 1977, 

Taghon 1982, Gerritsen and Porter 1982). By changing the surface towards a more neutral 
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charge (Sanders 1988), biofilms have the ability to increase particle retention capacity and 

thus particle exposure (Gerritsen and Porter 1982) which could lead to increased adverse 

effects, or the biofilm could be used by the animal as an additional food source and ameliorate 

the effects of the particles. 

Bioplastics – an environmentally friendly alternative to standard plastics? 

Due to the concerns raised regarding the potentially negative effects of microplastics on 

animal health, products containing primary microplastics are now being phased out, and in 

some countries, even being banned (Trager 2016). Instead, plant-derived microplastics, such 

as polylactid acid (PLA), are marketed as replacements for these products (Bio-based News 

2014). However, whether such “bio-plastics” actually are more benign compared to standard 

polymers still remains to be tested. PLA has a considerably shorter life-time compared to the 

degradation of petroleum based plastics, where 90 % of PLA will be decomposed into 

fragments < 2 mm within 3 months in a compost, and with a chemical breakdown of the 

material into CO2 within 6 months (Madhavan Nampoothiri et al. 2010, European Bioplastics 

2016). In marine environments, however, only 5-8 % of PLA is biodegraded into CO2 within 

a year (Calrecycle 2012). Hence, even though PLA potentially breaks down within 6 months 

under optimal conditions, the particles could have similar effects as petroleum based 

microplastics in short-lived animals, such as D. magna. 

Aims 

The aim of this study was to compare the effects of a plant based bioplastic (PLA) and 

petroleum based polymer -polystyrene (PS), on D. magna feeding and the life history 

parameters reproductive output and growth. However, because any particle quickly will 

become coated with biofilm under natural conditions, we also wanted to test whether any 

effects of clean, uncoated microplastics could be altered by the presence of an artificial 

biofilm.  

Method 

Study outline 

Four experiments were conducted to compare the effects of secondary oil-based microplastics 

(PS) and bioplastics (PLA) on D. magna. An initial pilot study with the intention to study 

feeding rate and reproduction was first conducted. However, as the particle concentration 

turned out to be lethal in the PS treatments. A range finding test (Exp I) followed to find a 

suitable particle concentration which did not cause increased mortality, but where an effect on 

feeding rates could still be observed. Based on the results in Exp I, feeding rate, as well as the 

life history parameters growth and reproduction, were studied in Exp II and III. 

In addition, we used bovine serum albumin (BSA) protein coating, as a proxy for a natural 

biofilm to test for a difference in effects between coated vs. uncoated particles. 
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Two types of control treatments were used; one containing only algae and one containing 

natural suspended particles (kaolin clay), to be able to differentiate between general particle 

effects and effects specific to microplastics.  

Microplastic preparations 

Previous studies have shown that D. magna can ingest particles 1-50 µm in diameter (Ebert 

2005). To obtain microplastics <40 µm both plastics were grinded in liquid nitrogen using a 

Retsch Cryomill (Retsch, Düsseldorf, Germany) using a 50 mL cell and 25 mm stainless steel 

ball. 

Polystyrene (PS) 

The grinding programme used for the PS beads consisted of: 6 minutes of precooling, 4 

milling cycles à 2 min with the grinding frequency of 25 Hz and an intermediate cooling 

period of 45 s. The grinded plastic particles were sieved dry through a steel mesh (40 µm). 

The size distribution for PS particles was determined using a Spectrex laser particle counter, 

model PC-2000 (Spectrex, Redwood city, USA). The size distribution of PS was bimodal 

with modes at 1 and 22 µm. However, the majority of the particles were between 1-5 µm, 

with a mean of 6 ± 3 µm (Figures 1, 2, Table 1).  

 

 

Figure 1. The size distribution of PS, PLA and kaolin particles (Table 1). The size distribution was 

measured several times (2-5 depending on particle), and the average count is the average number 

of particles per size from the measurements. 

To calculate the number of particles in the stock suspension and mass per particle, 6.08 mg PS 

was first suspended in 20 mL 0.01 % (w/v) Tween 80 (Sigma-Aldrich, St. Louis, USA). The 
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number of particles in 10 µL was counted using a hemacytometer to 4.75 × 105 mL-1 and 1.5 

× 106 mg-1.  

 

ffadfafasff 

Figure 2. Grinded polystyrene particles in 50 x magnification.  

Polylactic acid (PLA) 

The PLA was obtained by grinding plastic coffee lids labelled with EU Standard EN 13432 

purchased from Duni, Malmö, Sweden. According to the manufacturer no additives except 

colour was added to the material. The lids were mixed in a blender to obtain smaller pieces 

before cryomilling. The grinding programme consisted of: 7 minutes of precooling, 6 milling 

cycles à 2 min with the grinding frequency of 25 Hz and an intermediate cooling period of 1 

minute. The programme was prolonged due to the larger pieces of PLA compared to the PS 

granules. After the grinding, the PLA particles were soaked in 0.01 % Tween to increase their 

wettability. The PLA was sieved wet through a steel mesh (40 µm) with Milli-Q water. The 

water was collected in a 1 L container, and then vacuum filtered on a 0.2 µm cellulose filter. 

To prevent air borne contamination by other particles, the filters were placed in a glass 

container covered with aluminium foil inside a desiccator to dry. The size range for a majority 

of the particles was determined to 1-4 µm, with a mean of 6 ± 2.9 µm (Figure 1, 3, Table 1). 

 

Figure 3. Grinded polylactid acid particles in 50 x magnification. 
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Kaolin 

The kaolin used in the experiment was obtained from Sigma-Aldrich. The size range of kaolin 

particles was determined to 3-9 µm, with a mean of 4.4 ± 1.1 using a laser particle counter 

(Figure 1, 4, Table 1).  

 

Figure 4. Grinded kaolin clay particles in 50 x magnification. 

Algae 

For all treatments, Pseudokirchneriella subcapitata was provided as food at a concentration of 

7.5 µg C mL-1, which was above the incipient limiting concentration (6.7 µg C mL-1) and 

hence would ensure a maximum feeding rate by D. magna (Furuhagen et al. 2014). The 

maximum feeding rate is important to ensure a constant filtering of particles, thus a constant 

particle exposure in all treatments.  

Algal fluorescence was measured using a Turner fluorometer. Fluorescence was later 

converted into µg C/mL using the equation F = 3.7781 * C + 0.3905, where F is fluorescence 

and C is algal carbon concentration µg ml-1, provided by the Department of Environmental 

Science and Analytical Chemistry at Stockholm University. 

Bovine serum albumin (BSA) 

Bovine serum albumin (BSA) is a globular protein that can be extracted from bovine blood 

and has several biochemical applications (Horiba Instruments 2009). BSA has been used as an 

organic coating on particles to study particle selectivity in filter feeders (Taghon 1982, 

Espinosa et al. 2010) . 

The BSA-solution was produced by adding 800 mg BSA to 50 mL Milli-Q water, which was 

placed on a shaker table for > 2 h. To test if the daphnids could assimilate the organic coating, 

a coating of 15N-enriched proteins was adsorbed to the plastic particles. To produce the 15N 

enriched protein solution, 20 mg of the protein, i.e. algal crude protein extract-15N (98 atom 

%, Sigma Aldrich) was added to 20 mL of Milli-Q water. The solution was sonicated (5 min) 

before it was placed on a shaker table for 12 h, and then centrifuged to separate the particles. 

A protein quantification kit, microBCA (Thermofisher Scientific, Waltham, USA), together 

with a Fluostar Optima plate reader (BMG Labtech, Ortenberg, Germany), was used to 

calculate the solubilised protein concentration to 0.18 mg mL-1. Based on the quantification, 
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7.08 ml 15N enriched protein was added to the plastic particles before the addition of BSA 

(Table 2). 

The suspensions with the added proteins were mixed gently for 2h on a shaker table, in order 

for the protein to fully adsorb to particle surfaces. They were then centrifuged at 974 g for 2 h 

to remove unadsorbed protein in the supernatant by exchanging the volume with new 

suspending media. The assimilation of the organic coating, i.e. the 15N content in D. Magna 

was however not analysed within the time frame of this study. 

Test organism 

Daphnia Magna used in the experiments originated from a single clone (environmental 

pollution test clone 5, the Federal Environment Agency, Berlin, Germany) were used in the 

experiments. The animals were cultured in 2 L M7 medium at 20 C under a 16 h light, 8 h 

dark cycle with a light intensity of 15-20 uE·m-2·s-1 and fed Pseudokirchneriella subcapitata 

and Scenedesmus subspicatus 3 times a week according to OECD guidelines (OECD 2012).  

Experiment I – Range finding test 

Due to high mortality in the pilot study (85% in the PS treatment, details in appendix 1), a 

range finding test was performed to find a test concentration that did not cause mortality over 

72 h, i.e. no observed effect concentration (NOEC), but where an effect on feeding rate could 

still be observed. To determine which concentration of PS would be suitable to use in 

experiment II, 7 neonates (< 24 h old) were placed in each 250 ml bottle filled with M7 

(artificial lake water) to create a meniscus of water before a piece of cling film was used to 

wipe the meniscus of the top, making sure there were no air bubbles in the bottle that could 

harm the animals. PS particles were added at different concentrations (6.2 x 104, 3.1 x 104, 1.6 

x 104 and 7.8 x 103 particles mL-1), with three replicates per concentration. To secure an even 

and continuous suspension of the particles, the bottles were closed and mounted on a plankton 

wheel set to rotate 0.5 RPM (Ogonowski et al. 2016). The test was conducted at 20 C in 

darkness to limit algal growth. At the end of 72 h the incubation, the survival of the neonates 

was checked and the feeding rate was analyzed measuring change in fluorescence in each 

bottle. Three subsamples á 300 µL of the feeding suspension in each bottle were analysed 

using the Fluostar Optima plate reader.  

Due to a technical malfunction, the plankton wheel stood still for an unknown amount of time. 

During this time the particles potentially had time to sediment, which is why the wheel was 

allowed to rotate for another 24 h before survival was checked again. 

Experiment II – Particle effects on feeding rate and growth 

A feeding test was conducted between April 10th and April 13th, as well as between April 26th 

and April 29th, with 7 different treatments using both BSA-coated and uncoated particles 

(Table 1). Exp II, as well as III, was conducted in 2 rounds with 22 bottles each round. The 

bottles used in the experiment had a volume of 610 mL and were filled with the culture 

medium M7, the algae P. Subcapitata and particles from one of the different treatments 
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(Table 2). Kaolin and algae treatments were used as controls. The number of particles mL-1 

(6.2 x 104) was chosen based on the range finding test (Exp I), where all neonates survived 

and a clear effect on feeding was observed. This particle concentration was used for both PS, 

PLA and kaolin treatments, with and without BSA. 6 individuals of 5 days old D. Magna 

were added to each bottle. The bottles were closed and mounted on a plankton wheel as 

previously described.  

Table 1. The different treatments used in the experiment, the number of replicates and in which 

round of the experiment they were conducted, and the properties and size of the particles (Figure 

1). 

Treatment # 

Reps 

Density g cm-3 Producer Mean size 

(µm) 

Size range 

(µm) 

PLA 6 1.29 (Garlotta 

2001) 

Duni 6 1-37 

PS 6 1.04-1.13 Goodfellow 6 1-32 

PLA+BSA 6 - Duni 6 1-37 

PS+BSA 6 - Goodfellow 6 1-32 

Kaolin 6 2.60 Sigma-

Aldrich 

4 3-9 

Kaolin+BSA 6 - Sigma-

Aldrich 

6 3-9 

Algae 8 - - - - 
 

 

Table 2. The preparation scheme for stock solutions for all particle treatments used in experiment 

II and III, and the volume of the stock solution added to the 610 mL bottles used in the 

experiment. 

 Stock solution   Exposure vessel 

Particle 

type 

Mass 

(mg) of 

particl

es 

Volume 

(mL) BSA 

solution 

Volume 

(mL) 0.01 % 

Tween in 

Milli-Q 

water 

Volume 

(mL) of 

stock 

solution  

Conc. 

µg mL-1  

Conc. 

particle 

mL-1 

PLA 233.7 - 23.4 1.2 0.02 6.2 x 104 

PLA+BSA 233.7  1.26 31.7 1.6 0.02 6.2 x 104 

PS 453.5  - 45.4 2.4 0.04 6.2 x 104 

PS+BSA 453.5  2.3 54.8 2.9 0.04 6.2 x 104 

Kaolin 5.6  - 12.5 0.8 5.8 x 10-4 6.2 x 104 

Kaolin + 

BSA 

5.6  0.02 12.6 0.8 5.8 x 10-4 6.2 x 104 

 

To test for differences in feeding rates, fluorescence was measured in each bottle after 72 h 

and compared to the initial concentration of algae. However, since the initial measurements 

by accident were missed, all bottles were assumed to contain the same starting concentration. 

Three subsamples à 300 µL of the feeding suspension in each bottle were analysed using a 
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Fluostar Optima plate reader (BMG Labtech, Ortenberg, Germany). After 72 h, 5 of the 6 D. 

magna were removed while the remaining individual continued to the reproduction test (Exp 

(III). Based on the fluorescence measurements, algal food was continuously added to 

compensate for the consumed algae during the experiment.  

To assess growth, the body length of 24, 5 day old daphnids were measured using a flat bed 

scanner (CanoScan 8800F, Canon, Tokyo, Japan) and the photo was analyzed with the 

software Vermessung. The body length was measured from the eye to the base of the apical 

spine. After 72 h, the animals from the feeding test were scanned and their size measured in 

the same fashion. Since the animals measured before and after particle exposure were not the 

same individuals, paired comparisons could not be performed. Instead. the average size of the 

animals measured before exposure was used as a benchmark for comparison. 

Experiment III - Reproduction test 

After the feeding test was conducted, the experiment continued with a reproduction test, 

where the number of offspring was measured and compared between treatments. The 

experiment had a 16 h light, 8 h dark cycle, and continued until three broods had been 

produced. The number of days to produce three broods differed between 12-20 days between 

the two rounds. The bottles were inspected for neonates on a daily basis. If found, the bottle 

contents were filtered on a 35 µm mesh, and the number of neonates were counted and then 

placed in Eppendorf tubes which were snap-freezed in liquid nitrogen or dry ice for future 

analyses. The adult Daphnia was placed back in the bottle and reattached to the plankton 

wheel. At least once a week, the algal fluorescence was measured in all bottles, and if it had 

decreased to below 7.5 µg C mL-1, algae was added. When three broods were counted, the 

experiment was terminated.  

Statistical analysis 

To test if the feeding rate differed between treatments, a generalized linear model was used 

with a Gaussian distribution, in both experiment I and II. The homogeneity of variances was 

checked with Bartlett’s test and residuals checked visually in all analyses. Pairwise 

comparisons were performed using a Tukey’s HSD test. The growth in Exp III was analyzed 

with a non-parametric Kruskal-Wallis test, and pairwise comparisons were performed using a 

Post Hoc Nemenyi-test. The relationship between growth and feeding rate was tested using 

linear regression.  
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Results 

Experiment I 

After 72 h, 100 % of the neonates had survived in all PS concentrations. After the additional 

24 h the result was the same. The feeding rate was significantly lower compared to the control 

in all PS concentrations (p < 0.0001), however the plastic concentrations did not differ 

significantly from each other (Figure 5). The feeding rate decreased in all plastic 

concentrations despite that the plankton wheel had stood still. 

 

Figure 5. The decrease in fluorescence over 72 h in different concentrations of polystyrene and an 

algae control treatment. Fluorescence decrease differed significantly in all PS concentrations 

compared to the algae control. The red dots are the data points (3 per treatment), showing how 

the data was distributed. The boxes are showing the upper and lower quartile of the data, the thick 

line in the box is the median and whiskers are showing maximum and minimum values.  

 

Experiment II 

Feeding   

The decrease in fluorescence differed significantly between the algal control and both PS 

(GLM, t6, 37 = -9.1 p< 0.0001) and PS+BSA (GLM, t6, 37 = -7.3 p< 0.0001). The other 

treatments did not differ from algae (Figure 6). The Tukey test revealed that both PS 

treatments differed significantly from all the other treatments (p-values ranging from 6.83 x 

10-5 to 2 x 10-7). There was not a difference between PS and PS+BSA, or between PLA and 

PLA+BSA. A low decrease in fluorescence implicates a low feeding rate.  
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Figure 6. Boxplot showing the decrease in fluorescence after 72 h in the different treatments. The 

red dots are the data points (5 per treatment), showing how the data was distributed. The boxes 

are showing the upper and lower quartile of the data, the thick line in the box is the median and 

whiskers are showing maximum and minimum values. PS and PS+BSA differed significantly from 

the algae treatment. 
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Growth 

The growth (measured as body length) after 72 h did not differ significantly between 

treatments (p > 0.05) (Figure 8). However, PS and PS+BSA had grown slightly less compared 

to the other treatments. The median body length of the PLA+BSA treatment was somewhat 

lower than without BSA, the same pattern can be observed in PS+BSA indicating a minor but 

consistent negative effect for both plastic polymers.  

 

Figure 8. A boxplot showing the body length (mm) in D. Magna after 72 h. The red dots are data 

points, showing how the data was distributed. The boxes are showing the upper and lower quartile 

of the data, the thick line in the box is the median and whiskers are showing maximum and 

minimum values. N is the number of replicates. There was no significant difference between the 

treatments. 
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Figure 9. The relationship between body length after 72 h of microparticle exposure and feeding 

rate measured as the decrease in algal fluorescence after 72 h. The red line shows the average 

relationship and is bound by 95% confidence bands (dotted lines).  The boxes along the x and y-

axis are showing the upper and lower quartile of the data, the line in the box is the median and 

whiskers are showing maximum and minimum values.  

A positive relationship between growth and feeding rate was observed (linear model t1, 42= 

5.7, p<0.0001, adjusted R-squared 0.42)(Figure 9) indicating a direct effect of feeding on 

growth.  
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Experiment III 

Reproduction 

 
Figure 7. A boxplot showing the number of offspring over different treatments.  The red dots are 

data points, showing how the data was distributed. The boxes are showing the upper and lower 

quartile of the data, the thick line in the box is the median and whiskers are showing maximum 

and minimum values. N is the number of replicates. 

PS and PS+BSA clearly have an effect on reproduction (Figure 7). Kaolin and kaolin+BSA 

had ~10 % fewer offspring compared to the algae control. PLA and PLA+BSA had ~30 %, 

and PS and PS+BSA had almost 100 % fewer offspring than the algae treatment. BSA had a 

small effect. In kaolin, the number of offspring increased with 8 % with BSA, while it 

decreased in PLA with 5 % and in PS with 100 %, compared to their equivalents without 

added BSA. Due to high mortality, there were too few data points as well as too high variance 

to be able to do any relevant statistical analysis.  

Mortality 

Mortality was noted throughout Exp. II and III, but not tested statistically due to time 

constraints. Mortality was observed in all treatments except for algae. PS and PS+BSA had a 

considerably higher mortality than the other particles treatments (Table 3). Mortality is higher 

in plastic treatments with BSA, but the same for kaolin with and without BSA.  
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Table 3. The mortality in Exp II-III in percent. 

Treatment Mortality (%) 

PS 26  

PS+BSA 42 

PLA 6 

PLA+BSA 12 

Kaolin 6 

Kaolin+BSA 6 

Alg 0 

Discussion 

The aim of this study was to compare the effects of PLA and PS on D. magna feeding rate, 

growth and reproduction. The results suggest that PS causes a high mortality, decreased 

feeding rates and consequently decreased reproduction. PLA, on the other hand, did not differ 

significantly from the kaolin and algae treatments and is probably of lesser concern. Natural 

particles, such as kaolin, have been shown to influence e.g. survival, growth and fecundity in 

daphnids (McCabe and O’Brien 1983, Kirk 1991, 1992, Rellstab and Spaak 2007). In this 

study the kaolin treatments did not differ significantly from the algae control in any of the 

measured parameters, possibly due to the up to 50 times lower concentration used here. The 

type of mineral used also matters, some are more harmful than others (Robinson et al. 2010). 

PS toxicity 

PS with and without BSA-coating induced a high mortality in the pilot study. When the 

exposure concentration was decreased by 66 % in Exp. II-III, mortality also dropped to 30-40 

%, compared to the previous 85 % observed in the pilot study. The PLA treatments had much 

lower mortality of 5-10 % in Exp. II-III. The difference between the two plastics could be due 

to chemical or/and mechanical factors. There was a difference in particle size distribution 

between PS and PLA, where PS contained a higher proportion of larger particles (Figure 1). 

Kirk (1991) observed a difference in effects on feeding between particles of <2 µm and 

<1µm, hence even small differences in size can have an effect. Microplastic toxicity have 

been shown to be size-dependent, however, smaller particles generally induce higher toxicity 

(Lee et al. 2013, Jeong et al. 2016). As PS particles were larger than PLA in this study, this 

size difference is not likely to have caused the increased mortality. There is, however, a 

possibility that some polystyrene was degraded into nanoparticles during the grinding process. 

The laser particle counter which was used to determine the size range of particles could not 

detect particles <1 µm. When comparing the PS and PLA treatments visually, the PS looked 

more “milky”. This indicates a higher particle concentration. Thus, the toxicity of PS could be 

due to degradation into nanoparticles, which would be more harmful than larger particles. 

The PS used in this experiment should have been low in plastic additives. However, since no 

leachate test was conducted, it is possible that the plastic contained chemicals which could 

have contributed to the observed toxicological effects. Leachates from other plastic products 

have been shown to be toxic to D. magna, although in concentrations ranging from 2-250 g L-
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1 depending on polymer (Lithner et al. 2012), which is considerably higher than in this study 

where the maximum concentration was 119.1 mg L-1. Therefore, the probability of leachates 

being the cause for the toxicity is low. The toxicity of PS could also have been attributed to 

degradation into styrene monomers released during the grinding process. Styrene toxicity has 

been observed in several organism groups. In D. magna 100 % immobilization was observed 

at 7.4 mg L-1 styrene, and at 4.7 mg L-1 50 % were immobilized (Alexander 1997). Exposure 

to styrene could explain the high mortality in the PS treatments. In this study’s time frame it 

was not possible to analyze the PS treatments for monomers. However, free monomers have 

been observed in PS exposed to thermal or UV-degradation (Gewert et al. 2015), the 

probability of similar degradation with cryomilling can hence not be excluded. In the pilot 

study, the polystyrene concentration was 119.1 mg L-1, which means about 4 % should have 

degraded to styrene monomers to cause a mortality of 50 %, and the likelihood of that is 

doubtful. 

Previous studies examining the effects of PS on zooplankton did not see an increased 

mortality (Cole et al. 2013, Setälä et al. 2014, Cole et al. 2015). However, they were using 

primary microplastic in the form of PS beads, therefore the toxicity in this study could be an 

effect of the grinding. The microplastic concentration in these studies ranged from 75-10 000 

particles ml-1, compared to 187 000 used in the pilot study. Although, e.g. polyethylene did 

not induce a high mortality at the same particle:algae ratio as in the pilot study (Ogonowski et 

al. 2016). This indicates that there are some properties in ground PS which makes it toxic. 

The composition of additives in the PLA used in this study is unknown, but according to the 

manufacturer the material contains no additives except color. Moreover, previous studies 

found no additional chemicals in PLA leachate when using Fourier Transform Infrared 

(FTIR) Spectroscopy to identify chemicals after a biodegradation test (Calrecycle 2012). 

Mortality was similar for PLA and kaolin.  

PS decreases feeding rate 

Algal fluorescence decreased in all treatments, although less in the PS and PS+BSA 

treatments (Figure 4), indicating that food ingestion was impaired by PS exposure. However, 

since the number of algal cells was not counted, the chlorophyll levels could have changed 

due to other reasons, e.g. toxic effects from the plastics that decrease chlorophyll production. 

The suspended particles, both plastics and kaolin, had a fluorescence of their own which 

influences the results. This could have been accounted for if we knew the particle 

concentration when the fluorescence was measured after the feeding test. However, since we 

could see apparent aggregation in the plastic treatments we could not assume that the 

microplastic concentration in the measured subsamples was the same as the starting 

concentration, as the aggregates might have been unavailable for subsampling with a pipette 

(too large). In the time frame of this study there was not enough time to count the particle 

concentration, e.g. using a hemacytometer, hence the autofluorescence of the particles could 

not be compensated for. Due to these uncertainties, fluorescence might not be the best proxy 

for quantifying feeding rates. Counting algal cells in the suspension would be a more certain, 

although more time consuming, method.  
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There was not a difference in feeding rate between the plastic treatments with and without 

BSA coating. It is possible that 3 days is not enough time to see any effect of BSA on feeding 

rates.  

The lower feeding rate in the PS treatments could have been due to a difference in algal 

aggregations in the different treatments. The level of aggregation was not tested in this study, 

but aggregates were observed in both plastic treatments with and without BSA (Figure 6A, 

6B, 7A, 7B). Neither of the kaolin treatments did show signs of apparent aggregation (Figure 

8). With an increased aggregation, algae bioavailability would decrease, which could 

contribute to the lower feeding rate. However, since PLA and kaolin do not differ in feeding 

rates, even though PLA aggregated and kaolin did not, it is not a likely explanation for the 

decreased feeding rate in PS. In nature, the forming of aggregates could make the plastics less 

available, to e.g. cladocerans and other organisms inhabiting the surface or water column, due 

to larger particles sinking more rapidly. They would instead become available for bottom 

dwelling organisms.  

Studies have shown that BSA can both aggregate and disaggregate particle clusters, 

depending on BSA concentration, the initial level of aggregation, how well BSA adsorbs onto 

the particle surface as well as the particle surface charge (Tantra et al. 2010). As stated earlier, 

the level of aggregation was not tested in this study, but would be an interesting topic for 

future research as state of aggregation is thought to influence the toxicity of particles (Jiang et 

al. 2009). 

 
A.            B. 

Figure 6A, 6B. Aggregation in PLA and PLA+BSA treatments after experiment III was conducted. 
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A.                 B. 

Figure 7A, 7B. Aggregation in PS and PS+BSA treatments after experiment III was conducted. 

 

Figure 8. No apparent aggregation in kaolin treatments after experiment III. 
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Decreased feeding rate influences growth and reproduction 

A decreased feeding rate directly affects other parameters such as growth and reproduction 

(Burns 1995). Although growth did not differ significantly between treatments after 72 h in 

this study, the time span might have been too short to see a difference. Preferably, growth 

would have been measured at the end of the experiment, but since the two rounds were 

terminated after the third brood and not after a specific amount of time they could not be 

compared to each other.  

Reproduction is connected to growth, where larger individuals produce larger broods (Burns 

1995). Since growth was correlated to feeding rate, we saw a similar pattern in the 

reproduction test as in the feeding test, where both PS treatments had particularly strong 

impairments on reproduction. Even at lower concentrations (75 particles ml-1) PS has been 

shown to affect reproduction in other zooplankton (Cole et al. 2015). The potential toxicity of 

styrene could also be a factor influencing reproduction. The plastics with BSA coating 

seemed to have a weak negative effect on reproduction (Figure 5), which was not shown in 

the feeding test. Hence, BSA does not seem to act as an additional food source, which would 

have a positive effect on reproduction, in the plastic treatments. However, kaolin with a BSA 

coating had a weak positive effect on reproduction, implying that BSA interacts differently 

depending on the substrate. Similar patterns where observed with mortality where the addition 

of BSA increased mortality in both PLA and PS, but not in kaolin (Table 3). 

Conclusions 

In these size fractions, and at this concentration, PLA does not affect feeding rate, growth or 

reproduction in D. magna. The effects of PLA and kaolin are similar. PS, however, has a clear 

negative effect on the measured parameters. Moreover, the PS particles are toxic, both 

compared to other polymers (Ogonowski et al. 2016) as well as primary PS beads (Cole et al. 

2013, Setäla et al. 2014, Cole et al. 2015).This is of particular concern considering it is one of 

the more common plastics polluting aquatic environments (e.g. Lozano & Mouat 2009, Moore 

et al. 2011, Sadri and Thompson 2014, Eriksen et al. 2014). Future research should include 

leachate tests to be able to derive possible effects to the particles per se or other compounds, 

as well as tests to detect styrene monomers or oligomers, and to identify potential particle 

sizes <1 µm. If the toxicity of PS is caused by styrene monomers, the effect in nature may not 

be as severe as biodegradation of styrene is rapid in aqueous solutions (Alexander 1997). Due 

to the lack of microorganisms in this study no biodegradation of the supposable styrene was 

possible, thus the observed toxic effects might not be present at all under natural conditions. 

It is important to note that the microplastic concentrations used in this study were 

considerably higher than what has been observed in nature for larger plastic particles. The 

abundance of microplastics in the same size range as used in this study is largely unknown. 

Concentrations of 7.5-9.2 x 103 m-3 particles (>62.5 µm) have been reported (Deforges et al. 

2014, Gorokhova 2015), whereas the lower concentration used in Exp. II-III was 6.2 x 1010 

particles m-3. In Exp I, even the lowest concentration of PS, 7.8 x 109 particles m-3, had an 

effect on feeding rates, therefore studies on the effects of PS at more natural concentrations 

would be interesting.  



20 

 

There is still a knowledge gap regarding the effects of microplastics, especially with 

bioplastics. Further studies are needed to determine the effects of these new materials, their 

degradation in marine environments, and if they are a more benign alternative to replace oil-

based plastics. According to the results from this study, PLA does seem like a better 

alternative as the effects are similar to those of kaolin particles, which are considerably more 

abundant in nature than microplastics. 
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Appendix 1 
 

Experiment I - Pilot study for feeding and reproduction test 

A pilot study was conducted between 22 March and 6 April 2017, with six different 

treatments; PS, PS+BSA, PLA, PLA+BSA, kaolin and algae. The microplastic concentration 

(1.87 x 105 mL-1, equivalent to 21.6 % of total particle number) used in the experiment was 

based on previous studies which used the same microplastic:algae ratio but with different 

polymers (Ogonowski et al. 2016)) and did not result in a high mortality, but in this 

experiment PS and PS+BSA had a mortality of 85 %.  

Six 5 days old D. magna were added to each 610 mL bottle. The bottles were filled with M7 

(artificial lake water) to create a meniscus of water before a piece of cling film was used to 

wipe the meniscus of the top, making sure there were no air bubbles in the bottle that could 

harm the animals. To secure an even and continuous suspension of the particles, the bottles 

were closed and mounted on a plankton wheel set to rotate 0.5 RPM (Ogonowski et al. 2016). 

The test was conducted at 20 C in darkness to limit algal growth.  
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