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Abstract 

Microplastics are a widespread environmental pollutant in aquatic ecosystems and have the 

potential to eventually sink to the sediment, where they may pose a risk to sediment-dwelling 

organisms. While the impacts of exposure to microplastics have been widely reported for marine 

biota, the effects of microplastics on freshwater organisms at environmentally realistic 

concentrations are largely unknown, especially for benthic organisms. Here we examined the 

effects of a realistic concentration of polyethylene microplastics in sediment on the growth and 

emergence of a freshwater organism Chironomus tepperi. We also assessed the influence of 

microplastic size by exposing C. tepperi larvae to four different size ranges of polyethylene 

microplastics (1-4, 10-27, 43-54 and 100-126 μm). Exposure to an environmentally relevant 

concentration of microplastics, 500 particles/kgsediment, negatively affected the survival, growth (i.e. 

body length and head capsule) and emergence of C. tepperi. The observed effects were strongly 

dependent on microplastic size with exposure to particles in the size range of 10-27 μm inducing 

more pronounced effects. While growth and survival of C. tepperi were not affected by the larger 

microplastics (100-126 μm), a significant reduction in the number of emerged adults was observed 

after exposure to the largest microplastics, with the delayed emergence attributed to exposure to a 

stressor. While scanning electron microscopy showed a significant reduction in the size of the head 

capsule and antenna of C. tepperi exposed to microplastics in the 10-27 μm size range, no 

deformities to the external structure of the antenna and mouth parts in organisms exposed to the 

same size range of microplastics were observed. These results indicate that environmentally 

relevant concentrations of microplastics in sediment induce harmful effects on the development and 

emergence of C. tepperi, with effects greatly dependent on particle size.  

Capsule: An environmentally realistic concentration of microplastics adversely affected midge 

development and emergence in a size-dependent manner. 

Keywords: Chironomus; Ingestion; Microplastic beads; Realistic concentrations; Size-related 

effects 
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1. INTRODUCTION 

Around 322 million tonnes of plastic was produced globally in 2015, with about 30% 

disposed as waste, which may eventually enter the marine and freshwater environment (Jambeck et 

al., 2015; Plastic Europe, 2015). Plastic materials can remain in the aquatic environment for 

thousands of years where they undergo weathering and natural defragmentation (e.g. due to 

photolysis, hydrolysis and physical forces) and consequently introduce substantial amounts of 

microplastics to the aquatic environment (Lee et al., 2013). Further, municipal and industrial 

wastewater treatment plant (WWTP) effluent has been identified as a significant source of 

microplastics, such as microfibers from synthetic clothing and microbeads from cosmetic products 

(Mason et al., 2016; Ziajahromi et al., 2017).  

While microplastics in the aquatic environment can have different densities, it is expected that 

polymers with a lower density than water (e.g. polyethylene) will remain at the surface, while 

denser plastics (e.g. polyester, PET) will sink to the sediment. However, recent studies have 

demonstrated that the majority of microplastics with different polymer types and densities will 

eventually end up in the bottom sediment (Galloway et al., 2017; Lagarde et al., 2016). For 

example,  Castañeda et al. (2014) detected a large amount of low density microplastics, such as 

polyethylene, in deep-sea sediment. This can be attributed to ecological processes such as 

aggregation and interaction with organic material and microorganisms (e.g. microalgae, bacteria 

and fungi) that can change microplastic properties, leading to increased density and subsequent 

settling to sediment (Galloway et al., 2017; Lagarde et al., 2016). Therefore, it is most likely that a 

wide range of microplastics will eventually sink to the bottom sediment in aquatic ecosystems 

where they may pose a threat to benthic organisms. Consequently, there is a need for ecotoxicology 

studies on the effects of microplastics on sediment-dwelling organisms.    

Microplastics are known to induce significant detrimental effects (both physical and 

chemical) on growth, fecundity and survival of exposed organisms (Au et al., 2015; Chua et al., 

2014). The effects have been shown to be more significant in vulnerable organisms or those in early 
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life stages, which are more sensitive to the presence of microplastics in their habitat (Oliveira et al., 

2013).  

Uptake and adverse effects of microplastics on benthic organisms such as lugworm, mussels 

and benthic amphipods, have been previously reported (Au et al., 2015; Van Cauwenberghe et al., 

2015; Wright et al., 2013). Nevertheless, most studies to date are conducted using concentrations of 

microplastics that are unlikely to occur in the natural environment. Huvet et al. (2016) reported that 

using non-environmentally relevant concentrations of microplastics in ecotoxicological studies has 

led to reporting overestimated effects. Thus, it is important to understand the extent to which 

environmentally relevant concentrations of microplastics pose a risk to aquatic organisms, with 

further work required in this area.   

Additionally, microplastics in the natural environment occur in various size ranges and they 

can continue to breakdown into smaller pieces (Besseling et al., 2014), leading to the exposure of 

aquatic organisms to a wide size range of microplastics. Thus, the effect of microplastics on aquatic 

organisms may vary with different size ranges. For example, it has been shown that ingestion of 

different sizes of microplastics (0.05, 0.5 and 6 μm) can lead to different effects in marine copepod 

(Tigriopus japonicus) (Lee et al., 2013) and rotifer (Brachionus koreanus) (Jeong et al., 2016). To 

date, numerous toxicity studies have examined the impact of a single size of microplastic and the 

effects associated with different microplastic sizes remains poorly understood. Moreover, while 

microplastics have been recently reported in freshwater environments, the effects of microplastics 

on freshwater organisms, particularly sediment-dwelling organisms, has received less attention. 

In this study, we investigated the effects of polyethylene (PE) microplastics on the survival, 

growth and emergence of a freshwater sediment-dwelling organism (Chironomus tepperi) with the 

aim to provide a realistic exposure scenario using environmentally relevant level of microplastics 

that has been previously reported in freshwater sediment. We have provided a practical perspective 

of the concentration of microplastics by specifying microplastic concentrations as number of 

particles/kgsediment. In a recent study, Ballent et al. (2016) constantly detected >500 microplastic 
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particles/kgsediment in tributary sediment of freshwater Canadian lakes with beads as one of the 

common detected microplastics. This concentration is also comparable with the maximum 

concentration of microplastics detected in the sediment of United Kingdom lakes (Vaughan et al., 

2017). We based our sediment investigations on these two studies and have therefore used 500 

microplastic particles/kgsediment for all experiments. We also examined the size-related impacts of 

microplastics by exposing C. tepperi to four different size ranges of PE microplastics. 

 

2. MATERIALS AND METHODS  

2.1 Test organism (C. tepperi)  

C. tepperi, a non-biting midge, is a commonly used freshwater model organism for toxicity 

testing. These organisms play an important role in the aquatic food chain as the larvae can serve as 

a food source for many fish species. The culturing and toxicity bioassays of C. tepperi were 

conducted based on OECD protocols (OECD, 2004a) and Simpson and Kumar (2016). Midge 

larvae were cultured from egg masses cultured at CSIRO Land and Water, South Australia. The egg 

masses were collected from culture tanks and transferred to 600 mL glass beakers containing 500 

mL moderately hard water (MHW) according to the standard method outlined in the OECD 

guidelines (OECD, 2004a, 2004b). The cultures were kept at 21°C and a 16:8 h (light:dark) cycle. 

Second instar larvae (< 5 d posthatch) were then used for the bioassays.  

 

2.2 Preparation of microplastics for bioassays 

Four different size ranges of regular-shaped pristine PE microplastics including 1-4, 10-27, 

43-54 and 106-126 μm (density 0.98-1.02g/cc) were purchased from Cospheric, USA. All were 

blue beads except 1-4 μm microplastics, which were white in colour. PE microplastics with the 

possible origin of cosmetic products have been widely found in the aquatic environment (Ballent et 

al., 2016; Castañeda et al., 2014) and WWTP effluent (Mintenig et al., 2017; Ziajahromi et al., 

2017).  
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Given the strong tendency of dry microplastics to aggregate, significant errors could arise in 

counting the number of dry microplastics and spiking into sediment. Therefore, we prepared stock 

solutions to facilitate microplastic counting and to ensure a correct estimation of the number of 

added microplastics. The stock solutions of microplastics with specific concentrations (mg/L) were 

prepared by adding dry microplastics to 20 mL of MHW. To avoid aggregation of microplastics in 

water, 0.1% v/v of surfactant Tween-20 (Sigma-Aldrich, USA) was added. The stock solution was 

then mixed using a vortex (BioCot, Stuart) for 2 min. Additionally, 30 min ultrasonic treatment was 

conducted for the 1-4 μm microplastics due to their greater tendency to aggregate.  

To determine the number of microplastics in the stock solutions two counting approaches 

based on the size of microplastics were used. A hemocytomer method was used for microplastics 

ranging from 1-4 and 10-27 μm (Ogonowski et al., 2016). Counting was repeated three times and 

the average number of microplastics per litre of stock solution was calculated. For the larger sizes 

of microplastics, 43-54 and 100-126 μm, counting was done using ten sub-samples for each size 

range, with each sub-sample containing 100 μL of stock solution. Microplastics were recorded 

under a camera-connected Stereo Microscope (Olympus, SZX9, Japan, 6.3× magnification) using a 

point-counting tool available in image analysis software (cellSens Standard). Counting was 

repeated twice and the average number of microplastics was then calculated per mL of the stock 

solution. The details of the microplastics calculations in the stock solutions and the concentration 

used for the bioassays are provided in the Section S1 and Table S1 of the Supporting Information 

(SI).  

 

2.3 Sediment preparation  

Natural sediment for bioassays was collected from an uncontaminated area in the upstream 

Murray River, South Australia, in October 2016, which is known to be a habitat of many 

sedimentary-dwelling invertebrates. Sediment samples were wet sieved through a 420 μm stainless 

steel laboratory grade sieve to remove larger particles and possible macrofauna. The sieved 



 7 

sediment was weighed and transferred into 200 mL glass jars. Sediment was spiked with the stock 

solutions to achieve a final concentration of 500 microplastic particles/kgsediment. Details of added 

volumes of stock solution are provided in Table S1. To provide a homogenized and well-dispersed 

microplastic-spiked sediment for bioassays, the glass jars were tightly wrapped in plastic bags and 

shaken overnight using an end-over-end mechanical shaker. Using this approach microplastics were 

found be homogenously distributed throughout the sediment in the test vessels rather than 

remaining at the top layer or clinging to the glass surface. Unspiked sediment was used as the 

negative control. 

One sub-sample of sediment was analysed for particle size and chemical properties, including 

pH, electrical conductivity (EC) and elemental composition. The size of sediment particle was 

determined based on the method described in Bowman and Hutka (2002) by dispersion and pipette 

sub-sampling. The sample is partially dispersed by an ultrasonic probe, with organic matter 

destroyed by hydrogen peroxide, carbonate destroyed by acetic acid, soluble salts removed by 

washing and the sample dispersed by shaking with sodium hexametaphosphate and sodium 

carbonate. The sample was then transferred into a sedimentation cylinder before mixing and taking 

pipette sub-samples at calculated times and depths. 

 

2.4 Growth and emergence bioassays 

The toxicity bioassays were conducted in two parallel batches including a 5 d growth assay 

and a 10 d emergence assay in sediment. The test procedure was performed based on USEPA 

technical guidelines (USEPA, 1996). To ensure that midge larvae were appropriately sensitive, a 48 

h acute water exposure test with MHW was performed using reference toxicant copper(II) sulfate 

pentahydrate (CuSO4.5H2O) with a concentration range of 31.25 to 500 μg/L according to USEPA 

guidelines (USEPA, 2002). Further, a preliminary 48 h acute exposure test was conducted using 

MHW only (negative control) and Tween-20 (0.1% v/v) to determine the effects of Tween-20 on C. 

tepperi. 
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Each bioassay was performed using four different size ranges of microplastics including 1-4, 

10-27, 43-54 and 100-126 µm with a concentration of 500 microplastic/kgsediment, as well as a 

sediment negative control with no microplastics. All bioassays were conducted with four replicates 

and incubated under standard conditions (at 21°C, 16:8 h light:dark cycle). For the 5 d growth 

assay, 10 larvae (less than 5 day old) were transferred to 400 mL glass beakers containing 140 g 

(wet weight) of microplastic-spiked sediment and beakers were topped with 200 mL MHW. A 

gentle aeration system was used during the bioassays (Fig S1). The top layer of water from the test 

beakers was gently renewed every second day and larvae were fed with a small amount of fish 

flakes at the beginning of the test and following each renewal. Water quality parameters including 

pH, dissolved oxygen (DO) and EC were also monitored at the beginning of the test, following each 

renewal and at the end of the test for both the growth (5 d) and emergence (10 d) assays. For the 

growth assay, after the 5 d incubation period and prior to pupation, the larvae were removed from 

the beakers and the numbers of surviving larvae were recorded. To remove the midges from 

sediment, the sediment content of each beaker was transferred to a 420 μm sieve and sediment was 

gently washed off with tap water until all surviving midges appeared. At the completion of the 

bioassays, all the surviving larvae were fixed in formalin (10%) for microscopy inspections and 

measurements. The endpoints in the 5 d growth assay included survival, body length and head 

capsule length, which were measured to assess the development of larvae. The emergence assay 

was conducted in the same way as described above until the emergence of adults in the negative 

control reached at least 80% (Simpson and Kumar, 2016), then the number of emerged adults in all 

test beakers were recorded. For growth and emergence assays all test vessels were covered with 

cling film. For the emergence assay, the cling film was replaced after 8 days with a net to monitor 

the emerging adults 

 

2.5 Visual and morphological analysis of C. tepperi  
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C. tepperi were washed three times with ethanol (99%, Sigma-Aldrich) to remove formalin 

prior to microscopy. To facilitate the inspection of the gut content, the soft tissues were digested 

using potassium hydroxide (KOH, 95%, BDH, Australia). The larvae were treated overnight in 2 

mL KOH at 60°C in a stable condition (Chua et al., 2014). The gut content of larvae was inspected 

using a stereo microscope (Olympus, SZX9, Japan) and the length of body and head capsule of all 

surviving larvae (up to 35 individuals) from each treatment group were measured using image 

analysis software (cellSens standard).  

The samples were further analysed using scanning electron microscopy (SEM) in order to 

investigate possible external structural changes and deformities of C. tepperi, particularly the 

antenna and mouth part. The samples of larvae exposed to different size range of PE microplastics 

were randomly selected from bioassays and gently dehydrated in an increasing series of ethanol (30, 

40, 50, 60, 70, 80, 90, 100%). Prior to SEM, the samples were dried to the critical point in a critical 

point dryer (Leica EM CPD300). The samples were then coated in gold with a thickness of 20 nm 

and imaged using a TESCAN Mira3 field emission scanning electron microscope (FE SEM) at 10 

kV with beam intensity 6.00.   

 

2.6 Data analysis 

GraphPad Prism (version 7) statistical software was used for data analysis. To determine the 

significance of effects with different microplastic size ranges in the growth and emergence assays, 

data were analysed by one-way analysis of variance (ANOVA) followed by Dunnett's multiple 

comparisons test. A D'Agostino-Pearson omnibus test was performed to test the normality of data. 

Statistical difference was set at α = 0.05. 

 

3. RESULTS AND DISCUSSION 

3.1 Effects of microplastics on survival and development of C. tepperi (5 d assay) 
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The EC50 value of reference toxicant copper (II) sulfate was 159 μg/L (95% CI: 93.5-271.4), 

which shows the appropriate sensitivity of midges under the test condition. The recorded water 

quality parameters such as pH, EC and DO during both assays were in the recommended range 

based on USEPA protocols and are presented in Table S2. Also, no significant difference was 

observed between the mortality (<5%) of C. tepperi in the control assays with and without Tween-

20 (t-test, p=0.3). Additionally, the composition and particle size distribution as well as the 

chemical properties of the tested sediment sample are shown in Table S3.  

The survival rate of C. tepperi in the negative control treatment (unspiked sediment) was 

>90%. The survival of C. tepperi exposed to an environmentally relevant concentration of PE 

microplastics was significantly size-dependent with greater effects observed after exposure to the 

smaller particles (one-way ANOVA, p<0.0001; Figure 1 (A)). For example, a significant decrease 

was observed in survival of C. tepperi after exposure to PE microplastics in the size ranges of 1-4 

μm (ANOVA, p=0.0001), 10-27 μm (ANOVA, p=0.0001) and 43-54 μm (ANOVA, p=0.0001) 

compared to the negative control. The lowest survival rate was observed after exposure to 10-27 μm 

microplastics, with 57% survival compared to 92% in the negative control (Figure 1 (A)). Exposure 

to the 106-126 μm PE microplastics did not significantly affect survival, which was found to be 

87% compared to 92% in the negative control (ANOVA, p=0.6). This finding is consistent with 

Jeong et al. (2016) who found a size-dependent effect on survival, growth rate and fecundity of 

rotifer B. koreanus, with more significant effects after exposure to the smaller polystyrene 

microplastics in the size range of 0.05 and 0.5 μm compared to 6 μm microplastics.  

A similar size-dependent trend was observed in the growth of C. tepperi larvae. A significant 

decrease (ANOVA, p<0.0001) in body length was observed upon exposure to size ranges of 1-4, 

10-27, and 43-54 μm PE microplastics (Figure 2A). Again, exposure to 10-27 μm particles resulted 

in the smallest body length (7.6 ± 2.4 mm) compared to the negative control (12.9 ± 3.1 mm). 

However, no significant decrease was found after exposure to 106-126 μm microplastics (ANOVA, 

p=0.2) with the average body length of 12.5 ± 1.2 (Figure 2A; Figure 3) which was within the 
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reported normal body length range of 10-13 mm for C. tepperi in uncontaminated conditions 

(Martínez-Garduño, 2011).  

The length of the head capsule, which has been suggested as the best indicator of 

morphological growth and larvae instar (Stevens, 1993), was also measured. Exposure to 1-4, 43-54 

and 100-126 μm PE microplastics did not significantly affect the size of the head capsule (ANOVA, 

p=0.4) and >90% of the exposed larvae reached four instar stage (Figure 2B). However, those 

exposed to 10-27 μm microplastics showed a statistically significant reduction (ANOVA, 

p=0.0001), with the mean head capsule length of 0.31±0.06 mm (Figure 2B). Therefore, it appears 

that the majority of organisms (> 85%) exposed to 10-27 μm PE microplastics did not develop to 

the four instar stage (Figure 2B). Nybom et al. (2016) likewise reported a smaller head capsule size 

and lower development rate in midge larvae C. riparius exposed to PCB contaminated sediment 

compared to larvae exposed to unamended sediment. 

The SEM imaging also showed a reduction in the size of the head capsule and mouth part as 

well as a noticeable reduction in the size of the antenna in larvae exposed to 10-27 μm particles 

(Figure 4). However, no morphological deformities to the external structure of the mouth part in 

larvae exposed to different size ranges of PE microplastics was observed. 

The gut content of all surviving midge larvae after the 5 d growth assay was visually 

inspected using a stereo-microscope. The image analyses confirmed the presence of PE 

microplastics (blue beads) with the size range of 10-27 μm (Figure 5) and 43-54 μm in the gut of 

organisms. While it is most probable that 1-4 μm PE microplastics were likewise ingested by C.  

tepperi, we were unable to observe this size range of microplastics in the gut of larvae, possibly 

because this small size of microplastics were effectively egested. Further, 100-126 μm PE 

microplastics were not observed in the gut of any of the inspected larvae.   

Given that C. tepperi feeding habits include filter feeding and ingesting sediment (Bervotes et 

al., 2002), it is likely that C. tepperi would preferably take up microplastics in the same size range 

as the sediment particles. While the particle size fraction preferred by larvae from other species in 
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the Chironomidae family (C. riparius) has been suggested to be 1 to 25 μm (Ristola et al., 1999), 

which fits well with the 10-25 μm size range where the most significant effect was observed in this 

study, the preferred size range of sediment for C. tepperi is still unknown. Further, this result is 

consistent with Scherer et al. (2017) who exposed various freshwater invertebrates including C. 

riparius to different size ranges of polystyrene beads including 1, 10 and 90 μm and indicated that 

C. riparius mostly ingested microplastics in the size of 10 μm.  

The lack of significant effects on the growth and survival of C. tepperi exposed to the 100-

126 μm particles is likely due to the inability of C. tepperi to consume particles in this size range. 

Ingested microplastics may accumulate in the gut of C. tepperi and reduce the uptake of natural 

food, leading to the organism receiving less nutrition and consequently affecting survival and 

growth. Previous studies on chironomid species (C. riparius) showed a balance between ingestion 

and elimination of ingested sediment with no accumulation of sediment in the digestive tract 

(Bervotes et al., 2002). As indicated in Figure 5, this trend was not observed for microplastics in the 

current study. This can be attributed to the longer residence time of microplastics in the gut of C. 

tepperi compared to sediment particles due to the likelihood of microplastics to agglomerate in the 

gut of C. tepperi, in particular for the smaller PE microplastics, which showed a very strong 

tendency to aggregate in the water phase. This could potentially result in blockage of the digestive 

tract and consequently inhibit food uptake. The aggregation of microplastics in the gut of C. tepperi 

larvae was further observed during a 48 h water exposure (without sediment) using the four 

different size ranges of microplastics with the smaller size microplastics shown to aggregate in the 

gut of exposed organisms. Further details about the water exposure assay and microplastics in the 

gut of the exposed C. tepperi are provided in Section S2 and Figure S2, respectively. Aggregation 

of microplastics in the gut of organisms has been previously reported for microplastics in the size 

range of 1.7-3.8 μm in the midgut of zooplankton, which led to the blockage of the alimentary canal 

(Cole et al., 2013).  
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3.2 Effects of microplastics on emerging of C. tepperi (10 d assay) 

The emerging rate of adults was assessed using the emergence assay after 10 d. The 

emergence of C. tepperi in the negative control treatment (unspiked sediment) was >90%. Exposure 

to an environmental relevant concentration of PE microplastics negatively influenced the total 

number of emerged adults in a size dependent manner (one-way ANOVA, p<0.05; Figure 1 (B)). 

The most significant reduction in percent emergence was observed after exposure to the 10-27 μm 

PE microplastics size range (ANOVA p=0.003), where the emerging rate was only 17.5% (Figure 1 

(B)) compare to 92% in the negative control which is likely attributable to reduced food uptake by 

midge larvae due to ingestion of PE microplastics, as discussed in Section 3.1. Previous studies 

have also reported that survival and emergence of C. tepperi was significantly affected under low 

food conditions with significantly delayed development and lower emerging rates for larvae given 

90% less food (0.1 mg/d) compared to control conditions (1 mg/d) (Townsend et al., 2012).  

The emerging rate of C. tepperi exposed to the size ranges of 1-4, 43-54 and 100-126 μm was 

also significantly reduced by 40% (ANOVA, p=0.008), 41% (ANOVA, p=0.003) and 49% 

(ANOVA, p=0.005), respectively, compared to the negative control. Given the excellent survival 

(92%) of C. tepperi larvae exposed to 100-126 μm PE microplastics during the growth assay and 

the fact that larger microplastics were not ingested by the exposed larvae during the 5 d growth 

assay, we did not expect a significant reduction in the number of emerged adults exposed to 100-

126 μm particles during emergence assay. However, the delayed emergence in the presence of 100-

126 μm microplastics may be explained by changing feeding capacity during larvae development in 

the emergence assay, potentially affecting the size preference of ingested microplastics. Scherer et 

al. (2017) reported a relationship between the development of C. riparius larvae and changes in the 

size of ingested microplastics, with 90 μm microplastics only ingested by larger chironomid larvae. 

Further work is required to better understand the mechanism of ingestion of larger microplastic 

particles and how these larger microplastics are impacting C. tepperi emergence.   
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4. Conclusion and implications   

Our results suggest that environmentally realistic concentrations of microplastics in sediment 

can adversely affect the survival, growth and emergence of sediment-dwelling organism C. tepperi. 

Further, we have demonstrated size-related effects of microplastics by exposing C. tepperi to 

different size ranges of microplastics, with smaller microplastics in a similar size range as the 

preferred particle uptake size fraction for C. tepperi having the greatest impact on survival, growth 

and emergence. The significantly lower number of emerged adults and higher mortality, as well as 

reduced body size, of C. tepperi exposed to PE microplastics in the 10-27 μm size range, is likely to 

be associated with aggregation of microplastics in the gut of organisms. This phenomenon can 

negatively affect the egestion mechanism of C. tepperi and can consequently lead to blocking of the 

digestive tract and the inability to uptake sufficient amounts of food. This study provides a first 

insight into the negative effects of microplastics at a realistic concentration on C. tepperi growth 

and emergence and indicates that exposure to microplastics in sediment may pose a risk for 

sediment-dwelling organisms. More research is required to further investigate the mechanism of 

egestion and residence time of microplastics compare to sediment particles as well as the selectivity 

between uptake of microplastics and sediment by C. tepperi.  
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List of figures 

Figure 1: Percent survival of C. tepperi in 5 d growth assay (A) and percent emergence of C. 

tepperi in 10 d emergence assay (B). Data is represented as mean ± SD. *significantly different 

from negative control (ANOVA, p<0.05). 

 

Figure 2: Body length (A) and head capsule size (B) of C. tepperi larvae after 5 d exposure to PE 

microplastics. *significantly different from negative control (ANOVA, p<0.05). II, III and IV 

represent the larvae instar.  

 

Figure 3: C. tepperi larvae after the 5 d growth assay including the negative control (A) and after 

exposure to PE microplastics in the size range of 106-126 μm (B), 43-54 μm (C), 10-27 μm (D) and 

1-4 μm (E). 

 

Figure 4: SEM micrograph view of mouth part, head and antenna of C. tepperi larvae, with head 

(A) and antenna (B) of C. tepperi in the negative control, and head (C) and antenna (D) of C. 

tepperi exposed to 10-27 μm PE microplastics. The red arrows show the different sizes of antennas 

in the control and exposed larvae. 

 

Figure 5: C. tepperi larvae after the 5 d growth assay including the negative control (A, B) and after 

exposure to PE microplastics in the 10-27 μm size range (C, D), with white arrows showing 

ingested blue microplastics.  
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