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1 Introduction 
 

1.1 A brief history of plastic pollution 

 
Plastic is an extensively used material due to its beneficial characteristics, such as 

lightness, inexpensiveness, durability and inertness (Pirsaheb, Hossini, and Makhdoumi 

2020). However, these qualities, especially durability, become a problem when the long-

lived plastics end up as waste in the environment. It has been estimated, that from 1950 

to 2015 about 6300 million metric tons (Mt) plastic waste has been generated, out of 

which 79% has accumulated in landfills or the natural environment (Geyer, Jambeck, and 

Law 2017). Plastic occurrence is so common in the environment that it has been 

suggested as a geological indicator of the proposed Anthropocene era (Rochman et al. 

2016). Further, the amount of plastic in the environment can be expected to increase, 

because plastic manufacturing has been growing annually for many years, with global 

manufacturing quantities of new plastic reaching 367 million tons in year 2020 (Plastics 

Europe 2021).  

 

Microplastics (MPs), i.e., plastic particles of <5 mm in size (Moore 2008; Arthur, Baker, 

and Bamford 2009) can end up in the environment as readily micron-scale particles 

(primary MPs) (Anderson, Park, and Palace 2016) or originate from long-term physical, 

chemical and biological fragmentation of larger pieces of plastic present in the nature 

(secondary MPs) (Weinstein, Crocker, and Gray 2016). Primary MPs are manufactured 

for example for cleaning agents, cosmetics, personal care products, paints and coatings 

(van Wezel, Caris, and Kools 2016). Also, domestic washing of clothes is a source of 

MPs pollution (Browne et al. 2011).  

 

1.2 Plastic pollution in the aquatic environment 

 
Plastics are widely present in the aquatic environment (Thompson et al. 2004), where 

they differ in shape, size, chemical composition, and density (Duis and Coors 2016). It 



 

has been estimated that in the year 2010 alone 4.8-12.7 Mt plastic waste entered the 

ocean (Jambeck et al. 2015), whereas in the year 2016 the volume was already 19-23 Mt 

(Borrelle et al. 2020). MP pollution has been reported in marine ecosystems worldwide 

(Xu et al. 2020), with identified hotspots in the Mediterranean Sea, Yellow Sea and the 

North Pacific Ocean gyre (Everaert et al. 2020). Also, the semi-enclosed Baltic Sea, has 

been noted for its high microplastic concentrations (Gewert et al. 2017). Baltic Sea, often 

called “the most polluted sea in the world”, has very low water exchange with the ocean, 

with bulk water residence time of 26-29 years, and therefore it retains pollutants for long 

time (Döös, Meier, and Döscher 2004). The MP concentrations in the surface waters of 

the Baltic Sea can greatly differ spatially (Setälä et al. 2016; Bagaev, Khatmullina, and 

Chubarenko 2018) with relatively high reported concentrations (5.26 MP m-3) close to 

urban coastal areas with low water exchange (Gewert et al. 2017).  

 

Microplastics are found to be most ubiquitous in coastal waters and ecosystems (Enders 

et al. 2015). It has been predicted that coastal regions, like the littoral zone, will be the 

place for greatest overlap between marine life and microplastics also in the future (Clark 

et al. 2016). The main reason for this is that microplastic input originates mostly from land 

(Enders et al. 2015), especially via rivers, sewage and stormwater effluents (Mark 

Anthony Browne et al. 2011; Lebreton et al. 2017). The fate and transportation of MPs in 

coastal environment is determined both by the physical characteristics of MPs (size, 

shape, and density) and by the dynamic conditions of the aquatic environment (e.g., wind, 

waves, thermohaline gradients and tides) (Zhang 2017).  

 

Macrophytes are known to enhance the retention of particulate matter in aquatic systems 

(Horvath 2004), and further microplastic retention has been observed within marine 

macrophytes (Jones et al. 2020). Esiukova et al. (2021) conclude that macrophytes seem 

to serve as a filter for microplastic particles as there is burying and/or entanglement within 

macroalgae thickets. Macroalgae in the southern Baltic Sea have been shown to retain 

MPs, as the water within algae thickets contained 1.7 times more MPs than the water 

outside them (Esiukova et al. 2021). The Baltic Sea key habitats like shallow coastal 

waters, Zostera marina seagrass meadows and Fucus vesiculosus canopies are part of 



 

the littoral zone. The key habitats are crucial for the whole Baltic Sea, because they 

provide food and shelter for a diverse assemblage of fauna, including nursery, feeding 

and spawning areas for commercially important species (Wikström and Kautsky 2007; 

Kraufvelin, Pekcan-Hekim, and Bergstro 2016). Such shallow and sheltered coastal 

habitats have a substantial impact on marine fauna (Sundblad et al. 2014), and therefore 

the littoral zone is pivotal for the potential of the Baltic Sea to provide ecosystem goods 

and services. 

 

1.3 Biota and microplastic ingestion 

 

The more there are plastics in the environment, the more easily animals can get 

associated with them. At least 690 marine species have been reported to encounter 

plastic debris worldwide (Gall and Thompson 2015). The interaction with MPs and marine 

biota, such as ingestion, may have important effects on the spatial distribution and long-

term fate of plastic in the marine environment (Clark et al. 2016). Microplastic ingestion 

has been documented in laboratory conditions by numerous Baltic Sea inhabitants, 

including zooplankton (e.g., copepods, cladocerans, rotifers, polychaeta larvae and 

ciliates) (Setälä, Fleming-Lehtinen, and Lehtiniemi 2014), fish (Lehtiniemi et al. 2018) and 

bivalves (Setälä, Norkko, and Lehtiniemi 2016).  

 

Plastic ingestion can be harmful for animals. Chemical additives and monomers used in 

plastic production can per se have adverse effects on animals, and further toxic 

compounds, like persistent organic pollutants (POPs) can be adsorbed on microplastics 

surface and thus plastics can possibly act as a vector for harmful compounds (Mark A. 

Browne et al. 2008; Andrady 2011). Food web transfer of compounds can occur, for 

example, algal toxins have been observed to transfer along the food web (Deeds et al. 

2008). In some laboratory studies, ingested microplastics have been observed to cause 

adverse health effects for animals. For small animals on the lower trophic levels 

microplastics can cause reduction in feeding capacity, reproductive output and energy 

reserves (Cole et al. 2013a; Sussarellu et al. 2016; Wright et al. 2013) and it has, for 

example, been reported that after having ingested 1 µm microbeads Daphnia magna 



 

waterfleas suffered from immobilization (Rehse, Kloas, and Zarfl 2016). Also, higher 

trophic level animals have been reported to suffer from plastic ingestion, as fish are known 

to have faced physical damage, intestinal blockage, histopathological alterations in the 

intestines, change in lipid metabolism and in behavior, and transfer of MPs to the liver 

(Jovanović 2017). 

 

Further ingested microplastic particles can enter food webs through trophic transfer, and 

thus animals at higher trophic levels can be indirectly exposed to MPs. Trophic transfer 

has been shown for example from mussel to crab (Farrell and Nelson 2013) from 

zooplankton to macrozooplankton (mysid shrimp) (Setälä, Fleming-Lehtinen, and 

Lehtiniemi 2014), and from fish to seal (Nelms et al. 2018). Trophic transfer of microplastic 

through three trophic levels among marine biota has not been reported in the literature 

so far, but Chae et al. (2018) documented a transfer of nanosized (<100 nm) plastic 

particles in a four-species food chain from algae to top predator fish, via water flea and 

secondary-consumer fish. Microplastic contamination has been reported from Baltic Sea 

higher trophic level animals, for example Sainio et al. (2021) reported that 9% of examined 

four small fish species from Finnish coastline had ingested MPs and in another study 20% 

of examined fish from south-central Baltic had ingested MPs (Beer et al. 2018).  

 

It is important to investigate trophic transfer of microplastics to learn more about the 

behavior and destination of plastics in the aquatic environment. As previous research 

shows microplastics have been found in big predatory fishes (Auta, Emenike, and 

Fauziah 2017), and it is important to determine if the exposure has occurred through 

trophic transfer. Through trophic transfer of microplastics it is in theory possible that 

harmful substances or microplastics themselves can accumulate within organisms and 

biomagnify in the food chain.  

 

1.4 Aim of this master’s thesis  

 
My aim in this thesis was to study the trophic transfer of MPs along a coastal food chain 

in the northern Baltic Sea. The study focused on two common crustacean taxa inhabiting 



 

the littoral zone. Fluorescent microbeads were used to trace the transfer routes of the 

particles from water to the organism and further from one trophic level to the following 

one. I hypothesized that both zooplankton and mysid shrimps may act as vectors for 

microplastics for higher trophic levels, and that different exposure routes may exist for the 

different predators. In addition, I hypothesized that the ingestion rate of microplastics is 

equally high when exposed directly through water and through trophic transfer. I also 

investigated possible food web effects through measuring gut passage times at the 

highest trophic level.  

 

2 Materials and methods 
 

The trophic transfer experiments were done with zooplankton community and two 

crustacean species, chameleon shrimp (Praunus flexuosus, a mysid) and rockpool prawn 

(Palaemon elegans, a decapod). These two species were chosen because they are both 

common inhabitants in the littoral zone and are both part of the same natural food chain 

in the northern Baltic Sea. Both families of Mysidae and Palaemonidae are also 

geographically widespread (Lee, Lee, and Rhee 2021, WoRMS 2022). 

 

Five different types of experiments were carried out (Figure 1):  

 

- Experiment A: Direct exposure experiment to see if the chameleon shrimps 

can ingest MPs directly from water. 

 

- Experiment B: Direct exposure experiment to see if the rockpool prawns can 

ingest MPs directly from water . 

 

- Experiment C: An experiment to see if MPs are transferred through one trophic 

level to the second level (referred to as two-step transfer); from chameleon 

shrimp to rockpool prawn.  

 



 

- Experiment D: An experiment to see if MPs are transferred through two trophic 

levels to the third level (referred to as three-step transfer); from zooplankton 

through chameleon shrimp to rockpool prawn. 

 

- Gut passage time experiment: An experiment to measure the egestion and 

gut passage time of rockpool prawn.  

 

 

2.1 Sampling 

 
Animals were collected from two closely situated sites from the littoral zone close to 

Tvärminne Zoological Station, University of Helsinki, in Hanko peninsula (Figure 2) in late 

May 2021. All the animals were collected one day before the experiment. Zooplankton 

was collected from site 1 by pulling a 150 µm plankton net through F. vesiculosus 

Figure 1. Visualization of food chains and studied exposure routes in different experiments. Experiment 
codes: A = Direct exposure of chameleon shrimp, B = Direct exposure of rockpool prawn, C = Two-step 
transfer (trophic transfer through one trophic level), D = Three-step transfer (trophic transfer through two 
trophic levels).  



 

canopies 15 times. Chameleon shrimps and rockpool prawns were collected with a hand 

net which was pulled through the F. vesiculosus canopies at approximately 1 m depth. 

Animals for direct exposure and gut passage time experiments were collected from site 

1, and for trophic transfer experiments from site 2.  

 

 

Figure 2. Sampling site 1 (59°50'30"N 23°14'51"E) and site 2 (59°50'30"N 23°15'00"E)  
located at the SW Finnish coast, northern Baltic Sea. 

 

2.2 Food web experiments 

 
The experiments were carried out in a temperature-controlled room, where light-dark 

cycle was set to 13:11 (natural light-dark cycle being approximately 19:5) and 

temperature to 13°C mimicking temperature in the littoral zone during the experiments. 

All water used in the experiments was brackish sea water (salinity 5.3) from the study 

area, filtered through a 35 µm sieve. To enable comparison with previous studies on the 

same topic (Farrell and Nelson 2013; Setälä, Fleming-Lehtinen, and Lehtiniemi 2014; 

Hasegawa and Nakaoka 2021), fluorescent 10 µm polystyrene microspheres 

(Fluoresbrite®) were used as a microplastic tracer particle and the concentration was set 



 

to 2 000 particles ml-1 in each plastic exposure experiment. Relatively high concentration 

was relevant also because it improved the likelihood of the studied phenomenon to occur.  

 

Experiments with rockpool prawns were done in plastic containers, with one prawn in 

each container. The containers were coated with black plastic to prevent transparency 

and distraction from movements in the laboratory. Each container was filled with 2 L of 

filtered sea water, decorated with a branch of F. vesiculosus and equipped with aeration 

(Tetratec AP200). The size and the health of the prawn individuals was visually estimated, 

and prawns of approximately the same size and with healthy external appearance were 

chosen for the experiment. Prawns were placed into the experimental containers and left 

to acclimatize for 17-24 hours. Chameleon shrimps were first transferred to a bucket with 

filtered sea water and acclimatized for 18-22 hours. Healthy looking individuals of 

approximately the same size were chosen for the experiment.  

 

Precautions for contamination were done. If the same experiment unit (bottle, container 

etc.) was used several times it was washed twice in between with tap water and the inner 

walls were carefully dried with clean paper towels. If any instrument was dipped in water 

containing microspheres, it was immediately rinsed thoroughly with tap water. The 

dissection instruments were carefully washed with tap water and dried with clean paper 

towels between every sample. 

 

The experimental setup differed between experiments (see details in Table 1). Direct 

exposure experiments were done to study if chameleon shrimps and rockpool prawns are 

able to take up microplastic directly from the water (experiments A and B). In the direct 

exposure of rockpool prawn (experiment B) each prawn was exposed to microplastics 

together with approximately 135 mg of fish feed (TetraMin Flakes) to stimulate the feeding 

of prawns.  

 

  



 

Table 1. Plastic exposure in different experiments. Experiment codes: A = Direct exposure of 
chameleon shrimp, B = Direct exposure of rockpool prawn, C = Two-step transfer, D = Three-step 
transfer. *Subsamples were taken in experiments C and D for later microplastic ingestion analysis.  
 

Exp. 

code 

Species Number of 

individuals 

(n) 

Experiment 

unit 

Number of 

experiment 

units 

Prevention 

against 

microsphere 

settling 

Incubation 

time 

(hours) 

Sample 

/subsample* 

preservation 

A Praunus 

flexuosus 

10 2 L glass 

bottle 

1 Bottle turned 

over hourly 

3 Formaldehyde 

10% 

        

B Palaemon 

elegans 

10 15.5 x 25,5 

cm plastic 

container 

10 Water stirred 

with a spoon 

hourly 

3 Formaldehyde 

10% 

        

C Praunus 

flexuosus 

50 2 L glass 

bottle 

5 Bottle turned 

over hourly 

3 Formaldehyde 

10% 

        

D Zooplankton 

community 

- 250 ml 

plankton-

culture -

bottle 

3 - 16 Lugol's 

solution 

 

2.3 Trophic transfer experiments 

 
Both the chameleon shrimps and rockpool prawns were studied to examine the trophic 

transfer in the two-step transfer experiment (experiment C). The details of the plastic 

exposure in the experiment are presented in Table 1. After plastic exposure the 

chameleon shrimps (n = 50) were washed two times using filtered sea water and separate 

containers. Ten shrimp individuals from each bottle (n = 5) were picked on plates (n = 5) 

to dry. Drying took approximately 1 hour. From each plate six shrimps were randomly 

distributed and offered to prawns. The remaining four shrimps (20 ind. in total) were stored 

as a subsample for further analyses of microplastic ingestion. 

 



 

The feeding experiment between chameleon shrimp and rockpool prawn was done in 

similar manner in both two- and three-step transfer experiments (experiments C and D), 

except that the length of the feeding experiment was 42 and 16 hours in experiments C 

and D, respectively. Three chameleon shrimps were offered as prey to each rockpool 

prawn (n = 10). To verify feeding on the shrimps, the container was regularly checked. 

There was a protocol change in the frequency of checks between the experiments. Three-

step transfer experiment with hourly checks (experiment D) was done before the two-step 

tansfer experiment (experiment C), and because prawns were acting stressed every time 

the container was searched, two-hourly checks were evaluated to be more convenient in 

experiment C. Also, it was estimated that the prawns would not egest MPs in two hours 

after shrimp consumption and therefore the approach was evaluated to be valid. Checks 

were done during daytime to allow non-disturbance over the night, as some species of 

Palaemon taxa are known to be night active (Berglund 1980). If a prawn had eaten a 

shrimp the prawn was taken away and preserved for later analysis. A shrimp was 

considered eaten when the cephalothorax containing also the stomach had been 

consumed. After the end of the feeding experiment uneaten shrimps and the remains of 

partly eaten shrimps were collected from the containers for later analysis.  

 

The three-step transfer experiment (experiment D) was studied from zooplankton, via 

chameleon shrimps to rockpool prawns. Zooplankton sample was collected using a 150 

µm plankton net and later sieved through 1 mm sieve. Therefore, the size range of 

plankton was between 150 µm and 1 mm. The sample was concentrated into 750 ml, and 

3.3 ml of microplastic dilution (445 000 plastic particles/ml) was added to create a 2 000 

particles/ml solution. Detailed information of the zooplankton plastic exposure setup is 

presented in Table 1. After the microplastic exposure, plankton was washed two times 

with 100 µm sieve and with filtered sea water, to get rid of possible microplastics attached 

on the surface of the zooplankton. After washing, zooplankton was concentrated into 800 

ml. Two hours after washing, a 50 ml of zooplankton was taken aside and preserved for 

further analyses. 

 



 

The set up in the feeding experiment between zooplankton and chameleon shrimps 

(continuation of experiment D) was similar with the set up in the direct exposure of 

chameleon shrimps in the experiment C (see details in Table 1) and 150 ml of washed 

zooplankton was added to each experimental bottle with chameleon shrimps already in 

them. The feeding experiment between chameleon shrimps and rockpool prawns was 

done as described earlier.  

 

2.4 Gut passage time experiments 

 
Each rockpool prawn (n=10) was exposed to microspheres with a concentration of 2 000 

particles/ml in the same way as described for experiment B (see Table 1). Plastic was 

offered together with fish feed (approximately 300 mg/ind.) to ensure feeding. After the 

exposure the animals were transferred repeatedly two times into a clean sea water 

container. Between every transfer they were thoroughly sprayed with clean sea water, to 

get rid of possible adsorbed microspheres. Finally, prawns were placed into a round 

plastic bucket (diameter 12.5 cm) with 600 ml of clean sea water. The container was 

searched for faeces two-hourly for 12 hours, and then once after 10 hours. An 

epifluorescence microscope was used to detect fluorescent microspheres from the 

faeces. The whole experiment was done in darkness, in order to cause minimal stress for 

the animals.  

 

2.5 Dissection and counting microplastics 

 
The size of both shrimps and prawns was measured from preserved individuals under a 

stereomicroscope (Zeiss, Stemi SV 11) to the nearest half millimeter (shrimps) or 

millimeter (prawns). Also, the digestive tracts of the shrimps ja prawns were prepared for 

microscopy under a stereomicroscope. The stomach and the gut of an animal were 

removed and transferred to a glass slide. Microspheres were counted using fluorescence 

microscope (Leica DMIL inverted microscope with epifluorescence setup under blue 

excitation light, with 450–490 nm, 510 nm beam splitter, 515 nm barrier filter, 100-400x 

magnification).  



 

 

2.6 Statistical analyses 

 
The data was analyzed separately for chameleon shrimps and rockpool prawns. First, 

visual examination of the distributions of the data and possible dependencies between 

observations were conducted. Normality and homoscedasticity of the variances were 

tested for both data, and different transformation methods were examined when the data 

did not meet these expectations.  

 

Because the chameleon shrimps were studied in experiment units with 10 individuals, 

there was dependency inside the unit, as the behavior of one shrimp could affect the 

behavior of others. Therefore, from each bottle a mean value of the plastic ingestion by 

shrimps (n=10 in the direct exposure experiment [experiment A], n=4 in both two- and 

three- step transfer experiments [experiment C and D]) was calculated. In addition, the 

data of uneaten shrimps (n=10) in both two- and three-step transfer experiments was 

grouped, and a mean value was calculated also from these data groups. Thus, for direct 

exposure, seven means (n=7) in total were used in statistical analysis, consisting of one 

bottle mean from the initial direct exposure experiment (experiment A), five bottle means 

from the two-step transfer experiment (experiment C) and the mean value of uneaten 

shrimps from experiment C. The six means (n=6) in the three-step transfer experiment 

(experiment D) consists of five bottle means and the mean value of unconsumed shrimps 

from the same experiment. 

 

The bottle means and the mean value of uneaten shrimps are independent variables and 

were used in further statistical analyses. Inside a treatment there were no (significant) 

differences in standard deviations between the experimental bottles, thus only an average 

value per bottle was used. This chameleon shrimp data was normally distributed but not 

homoscedastic. Welch two sample t-test was used to compare plastic digestion between 

the experiments A and D.  

 



 

The data of rockpool prawn was neither normally distributed nor homoscedastic. 

Therefore, a nonparametric Kruskal-Wallis test was done to compare plastic ingestion in 

different experiments. Dunn’s test was done as a post-hoc test.  

 

Correlation was tested between the number of ingested plastic particles and the size of 

the animals. With rockpool prawns a correlation was also investigated between plastic 

ingestion and the number of shrimps eaten. When the data were normally distributed, a 

Pearson correlation test was used, and Spearman correlation test was used with 

nonparametric data. All data was statistically analyzed with R language (R version 4.0.3 

[2020-10-10]). 

 

  



 

3 Results 
 

3.1 Zooplankton 

 

The zooplankton community used in the three-step transfer experiment (experiment D) 

had a concentration of approximately 132 individuals ml-1 (derived from Table 2). Two 

taxonomic groups (Synchaeta spp. and bivalve larvae) covered 85% of all individuals, 

with about 55% of the individuals being bivalve larvae and 30% Synchaeta spp. rotifers 

(Figure 3). Overall, 37% of zooplankton had ingested microspheres, and bivalve larvae 

were most prone to ingestion as 64% of larva had done so (Figure 4).  

 

Table 2. Zooplankton community composition in the three-step transfer experiment (experiment 
D), the number and percentage of individuals with plastic in the digestive tract. Counted from a 3 
ml subsample.  

 

Taxonomic group 

Number of 

individuals With plastic % With plastic 

    

Bivalve larvae 220 140 64 % 

    

Synchaeta spp.  120 3 3 % 

    

Copepoda nauplii 17 1 6 % 

    

Copepoda adults and copepodites 14 0 0 % 

    

Cladocera  20 1 5 % 

    

Keratella spp. 4 1 25 % 

    

Unidentified 2 0 0 % 

 

All 397 146 37 % 

 



 

Figure 3. Zooplankton community composition in the three-step transfer experiment (experiment 
D).  

 

 
Figure 4. Plastic ingestion of each zooplankton taxa in the base of the three-step transfer 
experiment counted from a 3 ml zooplankton subsample (experiment D). The percentage refers 
to the proportion of individuals who have ingested plastic in the subsample.  
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3.2 Trophic transfer experiments 

 
Plastic transfer through both one and two trophic levels was observed. The mean number 

of ingested plastic particles increased in both chameleon shrimp (P. flexuosus) and 

rockpool prawn (P. elegans) together with food chain length (Table 3). For both species 

the lowest mean plastic ingestion values were observed when the only exposure route 

was through water (direct exposures: experiments A and C for chameleon shrimp and 

experiment B for rockpool prawn). Likewise, for both species the highest number of 

microspheres was found in experiment D, where the prawns were exposed to pre-

exposed shrimps. The mean number of ingested microspheres by chameleon shrimps 

was 12 times higher in the experiment with two trophic levels (experiment D) versus in 

the direct exposure experiment (experiments A and C). Similarly, rockpool prawn had 

ingested 29 and 205 times more plastic in the two- and three-step transfer experiments 

(experiments C and D), respectively, when compared to the direct exposure experiment 

(experiment B).  

  



 

Table 3. The number of MPs found from the digestive tracts of the animals. Here mean for P. 
flexuosus is calculated using the observed values from all individuals from all experimental 
bottles. The experiment labels refer to: direct exposure of chameleon shrimp = experiments A and 
C, transfer through one trophic level for shrimp = experiment D, direct exposure of rockpool prawn 
= experiment B, transfer through one trophic level for prawn = experiment C, transfer through two 
trophic levels for prawn = experiment D. 

 

Species Experiment n 

Mean number of 

ingested  

microspheres Min Max 

Chameleon 

shrimp 
 

Direct  

exposure 40 283 2 1268 

(Praunus  

flexuosus) 

 

Transfer 

through one 

level  30 2100 495 3930 

      

Rockpool prawn 
 

Direct  

exposure 10 2 0 4 

(Palaemon  

elegans) 

 

Transfer 

through one 

level 10 44 0 153 

 

 

Transfer 

through two 

levels 10 307 0 1047 

 

3.2.1 Chameleon shrimps  
 
There were statistically significant differences in the plastic ingestion by chameleon 

shrimps between different experimental set ups (t = -6.78, df = 5.611, p = 0.000) (Figure 

5). The number of plastics found from the digestive tracts was lower when shrimps were 

directly exposed to microspheres in water (experiments A and C), in comparison to the 



 

experiment with two trophic levels (experiment D), where pre-exposed zooplankton was 

first offered to shrimps.  

 

Figure 5. Plastic ingestion by P. flexuosus in different experiments. Experiment codes: A and C 
= direct exposure of P. flexuosus, D = transfer through one trophic level. 

 

3.2.2 Rockpool prawns 
 
Significant differences were found in the number of ingested MPs by rockpool prawns 

between experiments (H = 6.325, df = 2, p = 0.042) (Figure 6). Post-hoc test revealed 

that the direct exposure experiment was statistically different from both two-step transfer 

(p = 0.050) and three-step transfer (p = 0.007) experiments (experiments C and D). 

However, no significant difference was found between the two- and three-step transfer 

experiments (p = 0.203).  



 

 

Figure 6. Plastic ingestion by P. elegans (n = 10 in all experiments) in different experiments. 
Statistically different groups are marked with * and #. Experiment codes: B = direct exposure of 
P. elegans, C = two-step transfer, D = three-step transfer. 

 

3.3 Correlations in microsphere ingestion 

 
There was a correlation between the number of eaten shrimps and the number of plastics 

in the digestive tract of rockpool prawns in the two-step transfer experiment (experiment 

C, Figure 7), with correlation coefficient 0.8 (p = 0.003). No correlation was observed in 

the three-step transfer experiment (experiment D, correlation 0.49, p = 0.139).  

 



 

 

Figure 7. Correlation of the number of consumed chameleon shrimps and the number of ingested 
microspheres in rockpool prawns. Experiment codes: C = two-step transfer, D = three-step 
transfer. 

 

There was no correlation between the number of ingested plastic particles and the size 

of the animal in any of the experiments (Table 4). The mean size of the P. flexuosus was 

18.5 mm (± 0.5) and of P. elegans 46 mm (± 6).  

 

  



 

Table 4. The correlation between the number of ingested plastic particles and the size of the 
animal. Experiment codes: A = direct exposure of P. flexuosus, B = direct exposure of P. elegans, 
C = two-step transfer, D = three-step transfer.  

 

Species Experiment Method p-value rho/cor t df 

       

Praunus 

flexuosus A Spearman 0.649 0.07   

       

 
D Spearman 0.164 -0.261   

       

Palaemon  B Pearson 0.626 -0.175 -0.502 8 

elegans       

 
C Spearman 0.876 0.06 

  
       

 
D Spearman 0.356 0.327   

 

 

3.4 Gut passage time  

 
In the gut passage time experiment for rockpool prawns (n = 9) two individuals egested 

microspheres. For the two prawns the egestion occurred 8 hours after the plastic 

exposure. In total 78% of the prawns did not egest microspheres in 24 hours. However, 

a closer look at the animals by dissection revealed that two individuals which had not 

egested microspheres, still had the particles in their digestive tract (3 ±1 particles). One 

of the prawns was nearly dead at the end of the experiment and was therefore excluded 

from the experiment. 

 

  



 

Discussion  
 

3.5 Direct exposure 

 
Microsphere ingestion directly from water was observed for most taxa included in this 

study, as only a few taxa from the zooplankton community did not contain ingested 

microspheres. This observation is similar with earlier studies carried out in the area, 

where microsphere and plastic fragment ingestion have been observed in several taxa, 

including meso- and microzooplankton, mussels, mysids and fish (Setälä, Fleming-

Lehtinen, and Lehtiniemi 2014; Setälä, Norkko, and Lehtiniemi 2016; Lehtiniemi et al. 

2018).  

 

There were clear differences in the prevalence of ingested microspheres among the 

different mesozooplankton taxa. Bivalve larvae were both the most common taxa (55% 

share of all zooplankton taxa) of the experimental community, and the taxa with the 

highest microsphere prevalence (64% individuals with ingested microspheres). 

Interestingly microplastic uptake did not occur among copepod adults and copepodites, 

although it has been shown in a number of studies before (Coppock et al. 2019; Cole et 

al. 2015), even among the common copepod species in the Baltic Sea (Setälä, Fleming-

Lehtinen and Lehtiniemi 2014). The sample of adult copepod individuals was probably 

not fully representative, as the biggest copepods were most likely left out when the sample 

was sieved through 1 mm sieve. It is unclear if this could have affected the prevalence of 

microplastics in the copepods. Also, the number of copepod individuals in the sample was 

in overall relatively small, which does not encourage drawing strong conclusions.  

 

There were differences between the plastic prevalence in direct exposure experiments of 

zooplankton, chameleon shrimps and rockpool prawns. Although the number of ingested 

plastic particles was not counted for each zooplankton individual, it was observed that 

when ingestion among bivalve larvae had occurred, the larva had usually ingested several 

microspheres. The individuals of the other taxa, on the other hand, mostly contained one 

particle only. It was evident that chameleon shrimps were more efficient in the uptake of 



 

the experimental microspheres directly from water than rockpool prawns. In general, the 

feeding efficiency of the animal is determined by the feeding mode and the size, 

abundance and deposition of the plastic in the environment (Desforges, Galbraith, and 

Ross 2015). In this experiment the size, abundance and deposition of the plastic were the 

same in both direct exposure experiments. Therefore, the likelihood of ingestion may be 

greater for taxa whose natural prey include prey items of similar size to the 10 µm 

microspheres and whose feeding mode support their uptake better (Setälä, Norkko, and 

Lehtiniemi 2016). There is some evidence that the feeding efficiency of microplastic may 

differ, for example between groups of filter feeders, deposit feeders and predators, and 

also between plastics with different characteristics (Bour et al. 2018). For example, Bour 

et al. (2018) showed that polyethylene particles were found more frequently in predators 

and tertiary consumers, in comparison to other feeding modes and consumer groups. The 

authors hypothesize that this could indicate that polyethylene is more easily transferred 

between species than other plastic types (polypropylene, polyester, polyamide, 

polyacrylic, polybutylene terephthalate [PBT] and ethylene-vinyl acetate [EVA]). Authors 

also suggest that the results could indicate that for higher trophic level animals there are 

multiple exposure routes to microplastics (i.e., ingestion via water, sediments, and prey). 

This conclusion is somewhat contradictory to the results of this study, as it seemed that 

the highest trophic level predator, rockpool prawn, was mainly exposed through pre-

exposed prey (see chapter 4.2). On the other hand, ingestion via sediment was not 

possible in this experiment, and therefore any comparisons should be made with caution. 

 

In the experimental zooplankton community, the planktonic bivalve larvae had the highest 

prevalence of ingested microspheres, which is likely due to the fact that they filter their 

prey (pico-, nano- and microplankton) from the water (Lindeque et al. 2015; Setälä, 

Norkko, and Lehtiniemi 2016). Chameleon shrimps (mysid shrimps) are omnivores 

feeding on detritus, phytoplankton and zooplankton (Egbeocha et al. 2018; Lehtiniemi 

and Nordström 2008) and they are capable of switching their feeding mode between 

unselective suspension feeding and highly selective raptorial feeding (Lehtiniemi et al. 

2018). When small-sized prey is present, suspension feeding can occur, and the mysid 

shrimp creates a current, which allows it to capture and ingest particles suspended in the 



 

water. On the other hand, with large prey in sight mysids can choose to feed by raptorial 

feeding, which allows them to select their prey actively (Viitasalo and Rautio 1998). Also, 

the rockpool prawn is an omnivore, feeding on plants, animals and detritus (Janas and 

Baranska 2008). The most evident difference between the feeding modes of prawns, 

chameleon shrimps and bivalve larvae is that the two latter can filter food from the water. 

Filter and suspension feeders concentrate food from large water volumes and can 

therefore be expected to encounter the most microplastics (Desforges, Galbraith, and 

Ross 2015). This seems to be a major contributor to the difference in the prevalence of 

microspheres in the chameleon shrimps and rockpool prawns in the direct exposure 

experiments (experiments A and C and experiment B), where shrimps ingested 

approximately 140 times more plastic than prawns.   

 

The size of the microplastic particle has been proposed to be the most important factor 

when assessing its probability of getting ingested by different animals (Andrady 2011). 

Species may have a certain preferred size range of prey, as for example Sommer et al. 

(2000) showed that bivalve veliger larvae and copepods preferred particles of size 4.7-

6.3 µm and 15 µm, respectively. Correspondingly, bivalve larvae in the Western English 

Channel were found to prefer prey of size 2.8-12 µm (Lindeque et al. 2015). The 

preference for certain sized prey could partly explain why such a high percentage of 

bivalve larvae ingested 10 µm microspheres in this experiment. It could also be 

hypothesized that in this experiment the plastic size was smaller than the size of the 

average natural prey of P. elegans, which could have had an effect on plastic ingestion. 

 

3.6 Trophic transfer  

 
The results of this study demonstrate that trophic transfer may be an important route for 

microplastic ingestion for some species at higher trophic levels in highly polluted areas. 

Both zooplankton and chameleon shrimps may act as vectors for microplastics for higher 

trophic levels as the ingestion rate was higher for both chameleon shrimp and rockpool 

prawn through pre-exposed prey in comparison to direct exposure from the water. 

Hasegawa and Nakaoka (2021) observed similarly a benthic fish (Myoxocephalus 



 

brandti) ingesting more plastic particles through pre-exposed mysid prey (Neomysis spp.) 

than directly from the water. Also, different exposure routes exist for both studied 

predators because microsphere uptake occurred both from water and through pre-

exposed prey. Nevertheless, the exposure through prey was significantly more important 

for rockpool prawns in comparison to chameleon shrimps. 

 

Further it was shown in this study, that the number of ingested microspheres in rockpool 

prawns was even higher in the experiment with three trophic levels (experiment D) in 

comparison to the prevalence of microspheres in the two-step transfer experiment 

(experiment C). The fact that no statistically significant difference was observed between 

the two experiments is probably due to a wide variance in the number of ingested 

microspheres. The variance could be partly explained by the irregular feeding of rockpool 

prawns on chameleon shrimps, as a correlation between the number of ingested 

microspheres by rockpool prawns and the number of consumed shrimps was observed 

at least in the two-step transfer experiment (experiment C).  

 

There could be several reasons why the ingestion of microspheres by the higher trophic 

level animals was strengthened by trophic transfer. The difference can most probably be 

explained by the feeding mode and the size of the prey as described previously for the 

direct exposure experiments. One reason for the high plastic prevalence in the chameleon 

shrimps could be their ability to feed both on surfaces as well as from the water body, 

whereas rockpool prawns most probably only fed on surfaces (Janas and Baranska 

2008). This could be relevant in the context of this experiment, as chameleon shrimps 

could also have been feeding on the bottom of the experimental bottle, where part of the 

mesozooplankton were likely sedimented in between the hourly turnovers of the bottle. In 

a small mesocosm study mysid shrimps ingested more plastic than benthic animals and 

the authors concluded that this was because mysid shrimps have the ability to switch 

feeding between different parts in the ecosystem (Setälä, Norkko, and Lehtiniemi 2016). 

Hypothetically, also the presence of F. vesiculosus branch in the containers of prawns 

could cause reduction in the freely floating microspheres, as the surface of F. vesiculosus 

is known to adsorb microspheres (Sundbæk et al. 2018). In addition, the encounter rate 



 

of freely floating microplastics and prawns could have been decreased if the prawns were 

hiding underneath the branches. From this perspective it seems that F. vesiculosus 

branch might have been rich in adsorbed microspheres. Still, due to the low microplastic 

prevalence in prawns, it seems that both the feeding on F. vesiculosus and direct 

ingestion from the water was limited in this experiment.  

 

3.7 Gut passage time  

 
The probability of a contaminated prey getting ingested by a predator before the egestion 

of plastic particles by prey occurs affects the likelihood of food web effects. For this 

purpose, it is important to know what the gut passage time at different levels of the food 

chain is. Cole et al. (2013) studied groups of zooplankton among which the MPs were 

typically egested within a few hours. Lee et al. (2021) observed that the gut passage time 

of another mysid shrimp (Neomysis awatschensis) was 0.6-13.7 hours. Also, a coastal 

mysid shrimp Neomysis integer was observed to egest microbeads within 12 hours from 

the ingestion (Setälä, Fleming-Lehtinen, and Lehtiniemi 2014). For any of the studied 

species a species-specific gut passage time was not found from previous literature. In 

general, trophic transfer seems to be unlikely because the majority of the studies have 

reported, that MPs are not retained in the digestive tract, but are egested relatively rapidly 

(Lee, Lee, and Rhee 2021; Elizalde-Velázquez et al. 2020). On the other hand, MPs are 

repeatedly found in higher trophic level animals, including seals (Philipp et al. 2020) and 

cetaceans (Zhu et al. 2019), and it is possible that they have been ingested through 

contaminated prey. 

 

There were no clear results from the gut passage time experiment of P. elegans. Only 

44% of the prawns were observed to have ingested plastic, meaning that there were only 

four individuals to study the gut passage time with. Half of the prawns that had ingested 

MPs egested them after 8 hours, and the other half did not do so by the end of the 

experiment (at 24 hours). For another decapod crustacean, Palaemonetes pugio, the gut 

passage time was observed to be 43 hours, varying between 28-76 hours (Gray and 

Weinstein 2017). Also Leads et al. (2019) reported similar residence times for the same 



 

species, the depuration time being 43 hours, with variance from 29 to 57 hours. It is thus 

possible that if this experiment had lasted over 24 hours, egestion could have happened 

for the two remaining individuals as well.  

 

Also, there is some evidence from previous studies that the amount of fish feed given 

together with MPs could affect the ingestion rate of prawns. In an experiment with a 

crustacean brine shrimp (Artemia sp.) it was noticed that the shrimp ingested less 

microbeads when food was present in comparison to situation with no food available 

(Bour et al. 2020). Also, another decapod crustacean, salt marsh inhabitant Palaemon 

varians, ingested highest amounts of 9.9 µm sized microbeads when there was only 2.5 

– 5 mg of flake food available and the ingestion rate diminished with food concentrations 

of 0 mg and 10 mg (Saborowski, Paulischkis, and Gutow 2019). Although the 

experimental set up was different from the one in this study, as Saborowski et al. (2019) 

mixed the plastics together with the flake food, it is possible that the high amounts of flake 

food used in this study (approximately 300 mg) had a limiting effect on the plastic 

ingestion by rockpool prawn.  

 

3.8 Bioaccumulation and biomagnification  

 
Crucial question of microplastic behaviour in a food web is if bioaccumulation or 

biomagnification of MPs is possible. Ecotoxicologically bioaccumulation means that the 

concentration of a contaminant inside an animal becomes larger than in the environment 

(Gouin 2020). Another definition is that the uptake of a contaminant is greater than the 

ability of an organism to egest it (Miller, Hamann, and Kroon 2020). Based on the first 

definition, no bioaccumulation was observed in this experiment. The actualization of the 

latter definition is more difficult to confirm, as there was no time for depuration of the 

plastic at any level of the inspected food chain. Biomagnification, on the other hand, 

means that the concentration of the contaminant increases along the food web, and the 

increase happens because of trophic transfer (Miller, Hamann, and Kroon 2020). It seems 

that this prerequisite is not met, as the number of ingested plastic particles was smaller 

at the highest trophic level in comparison to the lower one.  



 

 

The current research suggests that although microplastic ingestion is observed among 

numerous species, neither bioaccumulation of MPs within individuals nor food web 

biomagnification does occur (Miller, Hamann, and Kroon 2020). Gouin (2020) suggests 

that the number of MPs found from the digestive tracts of animals is just a snapshot in 

time, and do not indicate bioaccumulation, as mostly the particles seem to be egested 

later. On the contrary there seems to be trophic dilution, as animals on the lower trophic 

levels are found to have ingested more plastic than animals on higher levels (Miller, 

Hamann, and Kroon 2020; Gouin 2020; Diepens and Koelmans 2018). Still, a model by 

Diepens and Koelmans (2018) suggests that some specific predator-prey interactions 

may result in biomagnification of microplastics in top predators, for example in seals in an 

Arctic food chain.  

 

Gouin (2020) states that for biomagnification to occur plastic should translocate to the 

tissues of the animal. This statement raises an interesting question about the capability 

of plastic particles to penetrate the cell walls of the digestive tract. In this study, only 

gastrointestinal tract was examined in search of plastics, and therefore possible 

translocation could not have been observed. In a study with blue mussel (Mytilus edulis) 

a translocation of both 3.0 and 9.6 µm sized microplastic to hemolymph was observed 

after 3 days of exposure (Browne et al. 2008), whereas translocation of 10-300 µm 

microspheres did not occur for rainbow trout (Oncorhynchus mykiss) in a two-week 

experiment (Kim et al. 2020). Also, it has been shown that for Daphnia spp. it is 

biologically implausible that particles of size >300 nm would transfer as the anatomy of 

the peritrophic membrane retains these in the daphnid gut (Schür et al. 2019). Further, 

53 nm nanoplastics did translocate into the tissues and even passed the blood-to-brain 

barrier of Crucian carp (Carassius carassius) (Mattsson et al. 2017). With this evidence it 

is unlikely that the 10 µm microspheres would have translocated in the experiments of 

this study. But as the occurrence of translocation is dependent on the particle size, it is 

noteworthy to acknowledge that post-ingestion fragmentation of microplastic particles has 

been observed in the digestive tracts of several invertebrates, like in the mysid shrimp 

Neomysis spp. (Hasegawa and Nakaoka 2021), in the amphipod Gammarus duebeni 



 

(Mateos-Cárdenas et al. 2020) and the Antarctic krill Euphausia superba (Dawson et al. 

2018). Therefore, it could be possible that after being ingested, the 10 µm plastic particles 

could in some cases fragment into nanosized particles and, as a result, translocation 

could occur.  

 

3.9  Scaling the results with natural conditions 

 

Drawing conclusions of possible food web effects based on experimental research is 

limited by the differences between study designs and natural conditions. The MPs present 

in the ”real-world” are heterogenous, being a complex mixture of different sizes, shapes, 

polymers, chemical compositions and surface characteristics (Lambert, Scherer, and 

Wagner 2017), while typically homogenous plastic MPs are used in the experiments. A 

lot of data would be needed to make a comprehensive analysis of ecological effects 

between different kinds of MPs and animals (SAPEA 2019). Therefore, although the 

results show that the phenomenon of microsphere trophic transfer is possible, it is unclear 

how well the results can be used to describe movements of MPs in natural environment. 

Also, to have an effect on the food web, plastic ingestion should induce changes in the 

survival, growth or behaviour of the animals, so only speculations can be made based on 

the results of this study.  

 

Because the purpose of this study was to reveal if the trophic transfer of MPs is possible, 

the study conditions were adjusted to maximize the likelihood of transfer, and thus 

relatively high concentrations of microplastic and zooplankton were used. If a lower 

concentration had been chosen, most likely also a longer exposure time would have been 

needed to secure feeding. With longer exposure time a problem of microplastic egestion 

before the end of the experiment might have occurred, and therefore the studied 

phenomenon might have happened unnoticed. Also, the use of symmetrical microspheres 

is relevant because it enables comparison to previous experiments in the study area and 

elsewhere. 

 



 

Differences in the light-dark cycle in the experiment and the natural environment might 

have affected the behaviour of the animals. The light-dark cycle was set to 13:11 in the 

experiment to encourage the feeding of the nocturnal animals, whereas the natural cycle 

at the same time was approximately 19:5. This results in a longer dark period than in the 

ambient conditions at that time. For both the prawns and shrimps, it could have caused 

increased activity as species from both taxa are known to be night active (Berglund 1980; 

Rudstam et al. 1989). On the other hand, changes in the light conditions could have 

caused stress for the animals, and thus reduced activity. Also, the animals were 

acclimatized for relatively short period of time (17-24 hours) prior the experiment, which 

might have caused them to be still stressed about the change in conditions at the time of 

the beginning of the experiments. The feeding time of prawns on shrimp differed between 

the two- and three-step transfer experiments (experiments C and D), being 42 and 16 

hours respectively. The three-step transfer experiment (experiment D) was carried out 

before the two-step experiment (experiment C), and length of the latter was extended to 

achieve similar consumption level that was observed in the former. This should not have 

caused distortion in the results, as no egestion was possible for the dead shrimp prey.  

  

If any broader generalizations on natural food webs were made, one should know for 

example what is the concentration and shape of MPs in the environment and what is the 

probability for an animal to encounter and ingest them. The reported microplastic 

concentrations in the Baltic Sea vary a lot. In the Swedish coastal area, Magnusson and 

Norén (2011) have reported a concentration of 10-220 µm sized microlitter being up to 4 

fibers l-1 and 32 other anthropogenic litter particles l-1. Similar concentration was reported 

in the littoral zone by Esiukova et al. (2021), with 1.9-8.5 MP l-1, albeit with size range of 

175 µm - 5 mm. According to Sainio et al. (2021) the mean concentration of approximately 

150-2500 µm sized microplastic in the coastal zone of Finland was 0.016 MP l-1. 

Therefore, the concentration used in the experiment was from five to eight orders of 

magnitude higher than the reported natural concentrations. Similarly, the zooplankton 

community in the experiment had a concentration of approximately 132 000 individuals l-

1, whereas the reported concentration of littoral zone mesozooplankton in summer 

months for the same area is 190 individuals l-1 (Helenius 2015). Also, seasonality affects 



 

the species abundance of zooplankton, especially because the occurrence of planktic 

bivalve larvae is highly seasonal (Sommer et al. 2000). Thus, the studied zooplankton 

sample resembles the natural community at a certain point of its seasonal succession.  

 

The shape of the plastic particle might affect the impact that the particle has on the biota. 

Weis (2020) has suggested that asymmetrical microplastic fragments and fibers might 

cause more damage in the gut or have different gut passage time in comparison to 

spheres, and therefore the effects on the food web might be different between differently 

shaped particles. Many studies report that fibers are the most common shape of plastic 

found in the Baltic Sea (Bagaev, Khatmullina, and Chubarenko 2018; Esiukova et al. 

2021; Gewert et al. 2017), while on the contrary, some studies state that in the Baltic Sea, 

fragments are the dominant microplastic type (Uurasjärvi et al. 2021; Hänninen et al. 

2021). Altogether, symmetrical microspheres do not seem to occur in nature in high 

numbers. The shape of the plastic can also affect the likelihood of being ingested and the 

gut passage time of the particle (Bour et al. 2020), and thus it can have an effect on the 

possibility of trophic transfer. For example, for brine shrimp (Artemia sp.) ingestion rate 

was lower and gut passage time faster with fibers in comparison to microspheres (Bour 

et al. 2020). Similarly, Gray and Weinstein (2017) observed that grass shrimp (P. pugio) 

ingested more fragments and spheres than fibers. Also, in an experiment with more 

environmentally relevant particle shape and concentrations mysid shrimps were shown 

to ingest only small amounts of weathered asymmetrical microplastic fragments 

(Lehtiniemi et al. 2018). Thus, in areas with high proportion of fibers or fragments the 

occurrence of trophic transfer may be smaller than in laboratory experiments with 

microspheres. Also, polystyrene (PS) prevalence was reported only in small numbers in 

the Baltic Sea, whereas polyethylene (PE), polypropylene (PP) and polyethylene 

terephthalate (PET) were more common (Uurasjärvi et al. 2021; Gewert et al. 2017). 

 

Present knowledge of the microplastic occurrence in the environment is dependent on 

the monitoring methods. For example, in the Baltic Sea a 300 µm mesh size is regularly 

used in microplastic monitoring (Setälä et al. 2016) and therefore consistent data on the 

occurrence of smaller particles is lacking. Knowledge of particles under 300 µm is 



 

important, as it has been shown that they may interfere with biota, for example through 

ingestion, as showed in this study. Further, in the Baltic Sea many animals and their food 

are < 300 µm in size (Setälä et al. 2016). In addition to a more comprehensive 

understanding of the occurrence of different size classes in the environment, future 

research should study if trophic transfer of microplastic is possible at environmental 

microplastic concentrations, shapes, and polymer types.  

 

4 Conclusions 
 
This study shows that trophic transfer may be an important pathway of microsphere 

exposure for higher trophic level animals in areas with high plastic pollution. There are 

several alternative routes for microplastic exposure in littoral food web, as both 

chameleon shrimp and rockpool prawn ingested microspheres directly from the water as 

well as indirectly through pre-exposed prey. High microplastic concentrations may pose 

a risk especially for animals at lower trophic levels. Further, the potential changes in the 

fitness and behaviour of the small animals might have cascading effects in the food web 

and affect the community composition of other trophic levels. The small animals in the 

littoral zone are significant for the ecosystem as a whole, as they are an important 

resource for larger species, including commercially significant ones. Microplastic particles 

have a potential to interfere with biota, and therefore I suggest that the distribution and 

abundance of micron-sized particles should be monitored in order to get a more 

comprehensive understanding of their environmental occurrence and impact.  
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