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Abstract 

The freshwater amphipod Gammarus fossarum (Koch, 1835) was exposed 
in four subsequent experiments of each 45 - 48 days to 1 cm2 plastic foil 
(Polyethylenterephthalat (PET), Polylactic acid (PLA)) with mortality, 
feeding, and behavior in the Multispecies Freshwater Biomonitor© (MFB) 
(spontaneous locomotion, gill ventilation) being studied once a week. 
Mortality was generally high and similar in all experiments, with a slight 
increase in PLA treatments. PLA exposed animals showed higher ventila-
tion, but spontaneous locomotion was equally high in all treatments dur-
ing all experiments, showing high reproducibility. Feeding rates reached 
up to 50% of the provided alder leaf in all treatments and in all experi-
ments. PLA foils started to age by surface cracks, deformation at the edges 
and loss of transparency esp. in the 4th run with 135 d old foils. Both types 
of foils were equally colonized with biofilm during 45 days’ exposures, 
starting with ciliates and flagellates, followed by diatoms and green fila-
mentous algae at last. Some taxa differed in absolute amounts in the 4 
subsequent experiments due to seasonal succession. There was only mar-
ginal weight loss of the foils during 180 days of exposure. The biopolymer 
PLA started to degrade slowly after 180 d, whereas PET remained mor-
phologically unchanged. The presence of the plastic foils in the beakers 
independent of their age had no significant effects on survival, behavior, 
and feeding of G. fossarum during 45 d of exposure. 
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During the last century, synthetic polymers have entered all aspects of human 

life. This is because they have long life-times, are chemically resistant and 

multifunctional in their applications, from e.g. toothbrush to medical implants 

and the automotive industry. Based on fossil fuels or gas components, syn-

thetic polymers are generated by polymerization or poly-condensation [1]. 

Different types of additives, such as carbon, silicon, bisphenol A, phthalates, 

colors, and stabilizers are needed to improve the specific characteristics of 

the manifold products, e.g. the resistance against hydrolysis [2]. Between 

1950 and 2015 about 8.3 tons of plastics have been produced in the world, 

out of which about 79% are deposited in landfills. Regarding all waste in the 

environment, about 60% - 80% are plastics [3] [4]. In the oceans, about 

270.000 tons of plastic particles are estimated, out of which 35.000 t belong 

to the microplastics [5]. Plastic degradation into secondary microplastic par-

ticles (<5 mm) in the environment is a very slow process that takes several 

centuries [2] [4] including photolysis, thermal and mechanic degradation, 

catalytic and biological degradation [6]. The main source of secondary micro-

plastics consumption is tire wear and textiles [5] [7]. On the other hand, pri-

mary microplastic particles have been used in personal care and cleaning 

products. However, many producers have recently started to reduce their 

usage where they serve only as a filling or abrasive material. The smaller the 

plastic particles, the more toxic they are due to higher bioaccumulation in 

tissues, the release of toxic byproducts, higher adsorption of other toxic 

compounds and microorganisms, resulting in additional toxicity due to oxida-

tive stress, reduced immune responses, and inflammations [8]. 

Plastic consumption needs to be either replaced by alternative materials or 

recycled and, re-used. In most cases, their use must be eliminated where they 

are not essentially needed. The European Commission proposed a new di-

rective to ban non-returnable plastic products from the personal care and 

household sectors. Recycling is difficult where a complex mixture of different 

polymers is being used. The new Single-Use Plastic Directive (EU/2019/9049 

aims at a significant reduction in the consumption of single-use plastic prod-

ucts. Moreover, the European Chemical Agency (ECHA) proposes a significant 

reduction of microplastic particles in products starting from 2022. 

Polyethylenterephthalat (PET) is the most frequently used polymer in 

transparent bottles used for carrying mineral water and drinks. It is resistant 

up to 80˚C and takes about 450 years to degrade in water [9]. Recently the 

bacterium Ideonella sakaiensis 201-F6 was found to catalyze the hydrolysis of 

PET into terephthalic acid and ethylene glycol [10] [11].  

Bioplastic polymers originate either from renewable resources or biologi-

cally degradable polymers. These polymers might stem from either renewa-

ble or fossil resources, whereby polymers from renewable resources not 

necessarily show fast degradation [7] [12]. The most frequently used biologi-

cally degradable polymers are mixtures of thermoplastic starch and polylac-
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tat (PLA), polycaprolactone (PLC), polybutylenadipatterephthalat (PBAT) and 

polyhydroxybutyrate (PHB) [13]. Regarding their environmental balance, 

these biopolymers are not better alternatives than fossil polymers, due to 

their high energy demand and fertilizer application during the production of 

their plant-based raw materials, such as corn, sugar cane, or potatoes. PLA is 

based on agricultural crop growing, biological fermentation, and chemical 

polymerization technologies, and is regarded as environmentally safe [1] 

[14]. PLA can be recycled and composted at high temperatures (ca. 60˚C) by 

hydrolysis within 45 - 60 days, however, no microbial degradation was ob-

served in seawater, probably due to the circumneutral pH and low tempera-

tures [15] [16]. Recently a combination of 4 microbes was found to support 

the microbial degradation of PLA at high temperatures [17]. Degradation of 

PLA in the environment might take several years [18], which appears to be an 

improvement compared to the lifetime of fossil polymers, which is estimated 

to several decades to centuries. The environmental performance of cassava 

starch-based PLA bottles is better than PET bottles regarding global warming, 

reduction of fossil energy use and human toxicity [19]. 

The aim of this study was to follow the natural degradation of PLA and PET 

foils in water under environmentally realistic conditions and to study poten-

tial effects on the freshwater amphipod Gammarus fossarum under longterm 

exposure to new and aged foils. 

2. Methods 

Gammarus fossarum (Koch 1835) are important key species in running water 

ecosystems, where they are often dominant in both numbers and biomass. 

They feed on leaves, detritus and other small invertebrates. Moreover, they 

are prey for other large invertebrates and fish. G. fossarum indicates water 

quality class II in the saprobic system and has proven to be sensitive towards 

various toxic substances [20] [21].  

Animals (7 - 9 mm) were taken from the laboratory culture and placed into 

glass beakers with 150 ml filtered water from lake Constance (100 µm), 

which is also used for the culture. The bottom of the beakers was covered 

with ash-dried pebbles (9 g) as substrate and hiding places. Moreover, 1 alder 

leaf (3 cm diameter, leached for 1 week) was added as food. The water in 

each beaker was individually aerated with aquarium pumps to provide high 

oxygen saturation. Four to eight beakers with 5 animals in each and with ei-

ther 3 numbered pieces (I, II, III) of PET or PLA foils were run as replicates. 

Both types of foils were obtained from the producer, PLA, and PET-GAG. The 

latter represents a copolymer, created from 3 thin foils, PET-G (PET-Glycol) 

on the outside and PET-A (amorphous) inside. Both polymers are used in the 

packing sector of food, drinks, and cosmetics. Both foils were 0.2 mm thick, 

glossy and transparent. 1 cm2 quadratic pieces were cut and marked with 

numbers I, II, III. The pieces were weighed before use in the experiments.  
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The four control beakers did not contain any foils. The experiments were 

performed in a thermostat at 10˚C in the dark, equal to the conditions of the 

culture. The experiments lasted for 45 - 48 days (6 weeks). Every week the 

water was renewed and feeding activity was determined as % leaf loss. The 

area of leaf loss was estimated in the following classes: 0%, 0% - 5%, 5% - 

25%, 25% - 50%, 50% - 75%, 75% - 100%, i.e. for 0% that no feeding traces 

were seen, whereby at 100% the whole leaf was eaten. Moreover, twice a 

week, survival and the behavior of 8 randomly chosen animals from each test 

condition were selected from the 3 replicates for quantitative recordings in 

the Multispecies Freshwater Biomonitor© (MFB) for a period of 2 hours. 

The MFB quantitatively records the behavior (e.g. locomotion, ventilation) 

and survival of aquatic animals, placed individually in a cylindrical 

flow-through test chamber (5 cm long, 2 cm inner diameter) sealed on both 

ends with nylon mesh (0.5 mm) screw lids. The gammarid moves completely 

free in the chamber and each movement is recorded by the non-optic quad-

rupole impedance conversion technology [22] [23] for a period of 4 Min. fol-

lowed by a pause of 6 Min. Twelve subsequent recordings (i.e. 2 hours) were 

collected for 8 animals from PET, PLA and control simultaneously every week 

in the thermostat. 

Once a week, before the renewal of the water the three foils in each beaker 

were microscopically investigated (400× magnification) on their upper sur-

face, i.e. the side with the carved markings (I, II, III) regarding changes in sur-

face structure, fissures, cracks, and biofilm colonization. One randomly cho-

sen area in the middle of the foil was chosen under the microscope at 400× 

magnification and the number of different taxa occurring in this visual field 

was manually counted: ciliates, flagellates, diatoms, green algae, and filamen-

tous algae. 

At the end of the experiments, leaves were air-dried for 3 days and 

weighed to calculate the weight loss during the 45 d exposures. Foils were 

checked under the microscope, then rinsed with tap water (45˚ angle) and 

checked again under the microscope to estimate the number and taxa of 

tightly versus loosely attached biofilm. Moreover, the animals’ gut filling con-

tent was estimated under a magnifying lens (400× magnification). The gut 

content was divided into the following classes: empty gut: 0%, 0% - 5%, 5% - 

25%, 25% - 50%, 50% - 75%, 75% - 100% of the gut length filled with con-

tents.  

Whereas the first experimental run of 45 days was done with new foils, the 

following second run (with new gammarids) was performed on the aged foils, 

but otherwise performed exactly as the 1st experiment. After the 2nd experi-

ment, two more experiments were subsequently performed with the foils of 

increasing age, i.e. at the end of the last (4th) experiment of 45 days, the foils 

were already 180 days (6 months) old. This procedure was carried out to es-

timate the progressive decay of the foils and the potentially increasing toxici-

ty due to leaching of additives or mechanical decay. 
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The water from lake Constance was analyzed regularly during the whole 

experimental period of 6 months using rapid photometric test kits (Caldur®, 

WinLab®) for nitrite, nitrate, ammonium, phosphate, sulfate, and hardness. 

Moreover, conductivity and pH were recorded.  

All data were treated with SigmaPlot 12.0 for graphical presentation and 

statistical analyses (two-tailed hypothesis testing) with non-parametric one 

Way ANOVA or RM ANOVA on Ranks for time-dependent data. Comparisons 

of 2 groups were done with paired t-tests (Biofilm colonization). 

3. Results 

3.1. Water Quality 

The water quality of the water from Lake Constance used for the culture of 

the gammarids and the experiments remained equally good throughout the 

whole experimental period of 6 months (Table 1). The pH value did not 

change during the exposure time of 45 d in the experimental beakers, i.e. the 

PLA did not reduce pH by hydrolytic degradation. 

3.2. Survival 

In the 1st run with new foils the mortality in the PET group was significantly 

lower than that in the PLA or control groups over the 45 days (RM ANOVA on 

Ranks, p: 0.027). After 46 days of exposure 40% - 55% mortality was reached 

in all treatments (Figure 1). In the 2nd run with 45-day old foils this differ-

ence between the types of foils was supported, but not significant (p: 0.06). 

After 45 days of exposure 40% - 60% mortality was reached, with the lowest 

mortality in PET, followed by the control and PLA showing the highest mor-

tality (60%) (Figure 1). In the 3rd run with 90-day old foils, mortality in the 

controls was significantly lower than in PLA (p: 0.018), whereas in the 4th run 

mortality was significantly lower in the control compared to both PET and 

PLA (p: 0.007). 

3.3. Feeding 

At the end of the 1st 45 d exposure, the weight loss of the alder leaves deter-

mined as dry weight loss did not significantly differ between the treatments 

(One-way ANOVA on Ranks, ns), (PET, PLA, control), whereby approximately 

up to 50% of the leaf was eaten (Table 2). At the end of the 2nd experiment 

with 45 d old foils, the same results were found i.e. no significant difference in 

feeding on the leaves between the treatments. In addition, approximately 

50% of the leaf was consumed by the gammarids within 45 days. At the end 

of the 3rd experiment with 90 d old foils, up to 50% of leaves were eaten by 

the animals within 45 days of exposure. At the end of the 4th experiment with 

135 days old foils, the feeding rates were similar to the previous experiments 

( T a b l e  2 ) .  T h e  d i f f e r e n c e s  i n  
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Table 1. Chemical parameters in Lake Constance water each week before renewal in 
the experiments (N: 8). 

Parameter pH 
NO2 

mg/l 
NO3 

mg/l 
NH4 

mg/l 
PO4 

mg/l 
SO4 

mg/l 
Hardness 

˚dH 
Cond. (µS/cm) 

Mean 6.81 0.02 1.74 0.26 0.04 44,62 8 444 

SD 0.26 0.01 0.34 0.03 0.04 8.74 0 101 

 

Figure 1. Mortality (Means and Sd) of G. fossarum exposed to plastic foils (PET, PLA) of different age (1: 0 d, 2: 45 - 48 
d, 3: 90 d, 4: 135 d). Experimental conditions: Experiments 1 - 2: Number of animals per unit: 5, Replicates: 4; Experi-
ments 3 - 4: Number of animals per unit: 5, Replicates: 8. Grey horizontal line indicates 50% mortality. In experiment 1 
the plastic foils were added on day 10, whereas in the other experiments the foils were added on day 1. 

 
Table 2. Feeding activity (Means and SD) as dry weight loss (%) at the end of the re-
spective. Experiment (1 - 4) with plastic foils of different age (0 - 135 d). 

Experiment (foil age) PET-x PET-sd PLA-x PLA-sd Control-x Control-sd 

1 (0 d) 41.44 9.33 34.87 22.18 43.04 22.73 
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2 (45 d) 39.60 13.68 38.07 5.07 25.37 7.89 

3 (90 d) 37.15 17.27 21.90 9.35 49.91 23.63 

4 (135 d) 47.74 29.9 39.57 19.5 59.38 35.48 

 

feeding activity between the treatments PET, PLA, and control were not sig-

nificant in any of the 4 experiments (one Way ANOVA: ns). Moreover, there 

was no significant correlation between the thickness of the leaves at the start 

and the observed weight loss at the end of the experiments, i.e. thinner leaves 

were not better food sources than thicker leaves, as originally hypothesized 

(Spearman Rank Correlation, ns). The degree of gut filling in the animals at 

the end of the experiments was always between 60% - 80% and showed no 

significant difference between the treatment groups (one Way ANOVA: ns). 

3.4. Behavior 

The spontaneous locomotor activity of the gammarids was high during the 

whole experiment, both in the 1st with new foils and the 2nd with 45-day old 

foils, as well as in the 3rd (90 d old foils) and in the 4th (135 d old foils) runs 

(Figure 2). There was no significant difference between the treatments and 

the control in any of the 4 subsequent experiments (RM ANOVA on Ranks, 

ns.). Ventilation activity was significantly higher in PLA compared to other 

treatments (RM ANOVA on Ranks, p < 0.05) in the 1st and the 4th run (Figure 

2).  
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Figure 2. Behavior of Gammarus fossarum (Means and Sd: locomotion, ventilation; N: 8) in the course of 
the experiments (1 - 4) exposed to plastic foils (PET, PLA) and the controls. 
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0.07; paired t-test). For the other taxonomic groups, there were no differ-
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scratches for the numberings was observed on some PLA foils. The colonized 

biofilm did not differ in the composition before and after rinsing with tap 

water. However, the absolute numbers of the taxa were lower after rinsing, 

i.e. biofilm was partly loosely attached to both types of foils. Moreover, there 

was no weight loss of the foils (%; N = 12: PET: x −0.566, SD: 1.39 and PLA: x: 

0.036, SD: 1.49), the high variation might be due to weighing errors. 

In the 2nd run on the 45-day aged foils the colonization scheme was similar 

to that of the 1st run: ciliates and flagellates as early colonizers, followed by 

diatoms and green algae (Figure 3). Filamentous algae colonized after more 

than 30 days. Both types of foils were colonized equally with no statistical 

difference for any of the taxa. During the 2nd experiment, the colonization 

with diatoms was significantly lower than that with ciliates and filamentous 

algae on both types of foils (one Way ANOVA on Ranks, PET: p: 0.002; PLA: p: 

0 . 0 0 8 ) .  B y  t h e  e n d  o f  t h e 
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Figure 3. Non-bacterial biofilm colonization (Means and Sd) of the PET and PLA foils throughout the 4 subse-
quent experiments with weekly change of water from Lake Constance. Determination of selected taxa on a ran-
domly selected part in the middle of the foils (400× magnification).  

 

experiment, both foils were densely covered with filamentous algae as in the 

1st run. Rinsing with tap-water at the end of the 2nd experiment did not 

change the biofilm taxa composition, but the absolute numbers were lower, 

i.e. the biofilm was loosely attached to both types of foils. The weight loss (%) 

of the foils at the end of the experiment was again very low and variable (N = 

12: PET: Mean: 0.12; SD: 0.97 and PLA Mean: 0.84, SD: 0.81), Again, some 

further fissures at the numbering scratches in a few PLA foils could be seen in 

the 2nd run. 

Similar results were found in the 3rd and 4th run. Aggregation of organic 

matter associated with biofilm organisms increased during the 45 d of expo-

sure, Filamentous green algae and flagellates were dominant on both types of 

foils and independent on the age of the foils (Figure 3). Throughout the 6 

months of experiments, the biofilm colonization was reproducible in the 4 
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subsequent exposures of 45 d and did not differ between PLA and PET foils as 

substrate (paired t-test). 

However, comparing one taxa group throughout the course of the 4 ex-

periments on one type of foil, significant differences occurred for PET foils in 

the number of flagellates (p: 0.001), ciliates (p: 0.006) and filamentous green 

algae (p: 0.007). For PLA, foils significant differences occurred in the amount 

of flagellates (p: 0.001) and ciliates (p: 0.001) (RM ANOVA on ranks). This 

shows that there were seasonal differences in the quantitative composition of 

the biofilms throughout the 180 days in the water from Lake Constance used 

for the experiments (Figure 4). 

 

 

Figure 4. Seasonal changes in biofilm composition on both PET and PLA foils: Exp 1 (spring): black cir-

Seasonal changes in Flagellates biofilm on PET foils

Time (Days)

0 10 20 30 40 50

N
u
m

b
e
rs

-10

0

10

20

30

40

Time(d) PET vs Fl-1-x 

Time(d) PET vs Fl-2-x 

Time(d) PET vs F-3-x PET 

Time(d) PET vs Fl-4-x PET 

Seasonal changes in Ciliates biofilm on PET foils

Time (Days)

0 10 20 30 40 50

N
u
m

b
e

rs

-2

0

2

4

6

8

10

12

Time(d) PET vs Ci-1-x 

Time(d) PET vs Cil-2-x 

Time(d) PET vs Cil-3-x-PET 

Time(d) PET vs Cil-4-x PET 

Seasonal changes in filamentous green algae biofilm on PET foils

Time (Days)

0 10 20 30 40 50

N
u
m

b
e
rs

-5

0

5

10

15

20

25

30

Time(d) PET vs Faden-1-x 

Time(d) PET vs Fad-2-x 

Time(d) PET vs Fad-3-x-PET 

Time(d) PET vs Fad-4-x PET 

Seasonal changes in Flagellates biofilm on PLA foils

Time (Days)

0 10 20 30 40 50

N
u

m
b

e
rs

0

5

10

15

20

25

30

35

TIme (d) PLA vs Fl-1-x 

TIme (d) PLA vs Fl-2-x 

TIme (d) PLA vs Fl-3-x PLA 

TIme (d) PLA vs Fl-4-x PLA 

Seasonal changes in Ciliates biofilm on PLA foils

Time (Days)

0 10 20 30 40 50

N
u
m

b
e

rs

-2

0

2

4

6

8

10

TIme (d) PLA vs Cil-1-x 

TIme (d) PLA vs Cil-2-x 

TIme (d) PLA vs Cil-3-x PLA 

TIme (d) PLA vs Cil-4-x PLA 

Seasonal changes in filamentous green algae biofilm on PLA foils

Time (Days)

0 10 20 30 40 50

N
u
m

b
e

rs

0

10

20

30

40

TIme (d) PLA vs Fad-1-x 

TIme (d) PLA vs Fad-2-x 

TIme (d) PLA vs Fad-3-x PLA 

TIme (d) PLA vs Fad-4-x PLA 

https://doi.org/10.4236/***.2020.*****


A. Gerhardt 

 

 

DOI: 10.4236/***.2020.***** 14 Journal of Environmental Protection 

 

cles, Exp. 2 (early summer): white circles, Exp. 3 (summer): black triangles, Exp. 4 (autumn): white tri-
angles. 

The PLA foils especially showed damage due to handling, such as fissures at 

the scratches for numbering and deformation at the edges. This observation 

can be attributed to the fact that the PLA foil was a monolayer, hence degra-

dation might start faster than in the PET GAG 3-layer foil. During the 4th ex-

periment, some PLA foils became intransparent, which might be due to hy-

drolysis. However, the visually observed damages were rare and of a minor 

extent, i.e. even the biopolymer PLA could not significantly be degraded 

within 180 days (at the end of exp. 4). The dry weight loss after the 4th ex-

periment showed slight increases such as 0.05% (SD: 0.02%) for PLA and 

0.04% (SD: 0.06%) for PET, which might be due to weighing errors and/or 

biofilm colonization. 

4. Discussion 

4.1. Toxicity 

The potential toxicity generated by plastic foils (PLA, PET) was studied over 

180 days in 4 subsequent experiments of 45 days. Mortality of G. fossarum 

exposed to new or aged (45, 90, 135 d) PLA foils was slightly higher com-

pared to PET foils and controls. During the 4th experiment with 135 d old 

foils, mortality was equally high in the treatments with PLA or PET foils, 

whereas control mortality was low.  

Gammarids used the plastic foils as substrate and hiding places but did 

neither graze nor destroyed them. Toxicological studies on the effects of 

macroplastic on freshwater invertebrates are lacking, to our knowledge. Tox-

icity studies with microplastics are only of restricted relevance as micro-

plastic toxicity is mostly caused by mechanical effects, such as clogging the 

gut system and tissue inflammation, where small microplastics pass the gut 

membranes [24] [25]. Weber et al. [26] studied the effects of PET micro-

plastic (10 - 150 µm; 0.8 - 4000 g/ml) on Gammarus pulex and did not find 

any effects on survival after 48 days of exposure. Mateos-Cardenas et al. [27] 

showed that G. duebeni took up microplastic particles (1 - 1000 µm) adhered 

to Lemna minor during feeding, but to a lower extent (1 - 2 particles in the 

gammarid gut of 28.6% of the exposed gammarids). In a previous study, PLA 

particles (0.7 - 3 mm, grey, irregular shape) were not taken up by G. fossarum, 

probably due to the large size, compared to microplastic particles of PE, PP, 

and PBT, which were smaller in size (ca. 0.5 mm) [28]. During a 4 week’ ex-

posure to these three different microplastic particles, no differences in mor-

tality, feeding, and the locomotor activity of G. fossarum were found com-

pared to the control group [28]. In the current study, spontaneous locomotor 

activity did not differ during any of the four subsequent experiments between 

the treatments, while ventilation activity was slightly higher in the PLA 

treatments. Increased ventilation is often regarded as toxic stress in aquatic 
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animals, due to low pH or elevated metal levels [29]. This might indicate some 

migration of lactic acid out of the biopolymer; however, no changes in pH 

could be recorded. Feeding activity on the alder leaves did not differ between 

the treatments, which indicates no effects on the two types of plastic foils. 

It appeared that especially in the beginning, during the 1st experiment with 

new foils, PLA generated more potential for toxicity than PET. This might be 

due to the fact that PLA which is a monolayer biopolymer and might be more 

susceptible to chemical attacks as compared to the 3-layer copolymer 

PET-GAG. Potential migrants from PLA are monomers and dimers of lactic 

acid, which are regarded as environmentally safe as they represent common 

cellular components with rapid degradation [30]. Moreover, PLA foils lost 

transparency over 180 days of exposure and became opaque. This has been 

described as a change in the degree of crystallinity and was observed by 

Maiza et al. [31] in plasticized PLA experiments at 100˚C. 

The toxicity of macroplastics might mainly arise from the release of toxic 

substances into the water. Evidence has been provided by studies on mineral 

water bottles, where some authors found traces of acetaldehyde and formal-

dehyde in water stored in PET bottles [32] [33]. Xeno-estrogens found in PET 

bottled mineral water showed effects in both the Yeast Estrogen Screen (YES 

hERa) test and in chronic exposures to the gastropod Potamopyrgus antipo-

darum (56 d). However, this might be due to contamination from the source 

of the water, as this finding could not be reproduced later [34]. PET caused 

cytotoxic and cytostatic effects on human lymphocytes, but no genotoxicity 

after 8 weeks of water storage [35]. Also, Ceretti et al. [36] did not find any 

genotoxicity (Microtoxtest, Micronucleustest, Comet assay) from migrating 

substances after 10 days in PET bottled and sparkling mineral water. 

PET-bottled water extracts (Solid Phase Extraction, SPE) did not induce ei-

ther toxic or endocrine effects in in-vitro tests [37]. Migration of toxic com-

pounds from plastics highly depends on the conditions and clearly increased 

with temperature, sunlight exposure and carbonation of the water [36] [37]. 

4.2. Degradation 

PLA showed faster degradation and was more prone to fissures than PET, al-

so showing in-transparency and deformation of the edges within 180 days, 

whereas the 3-layer PET-GAG foil remained morphologically unchanged. PLA 

has been reported to adsorb water, followed by loss of transparency and in-

creasing fragility [38]. PET is reported to be very stable for 15 years [39], 

with degradation times of 35 mm thick PET estimated to occur in 27 years 

[40] to 93 years [41]. The slow degradation of PLA during 180 days in our 

experiments might be due to low temperatures (10˚C) and neutral pH in the 

water from Lake Constance as well as the lack of sunlight during the expo-

sures. Karamanlioglu et al. (2017) [15] reported a rapid microbial degrada-

tion of PLA in compost at 50˚C - 60˚C for 60 days, supported by findings of 

PLA-depolymerase activity at 60˚C in Bacillus strains [42]. 
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Mutsuga et al. [43] found that pure PLA sheets lost about 0.28 - 15 µg/cm 

weight due to lactic migration after 180 d (at 40˚C). Weight loss of the foils 

was low in our experiments (<1%) and decreased from the 1st to the 4th ex-

periment, i.e. with increasing age of the foils. The material loss might have 

been compensated by increased weight due to the adsorption of biofilm and 

water molecules. 

4.3. Biofilm 

The non-bacterial biofilm on PET and PLA foils consisted of early colonizers 

such as ciliates and flagellates followed by diatoms and filamentous green al-

gae at last. Also, conglomerates of organic matter associated with biofilm or-

ganisms and extracellular polymers increased over time. There was no sig-

nificant difference in the colonization of these taxa between the two types of 

glossy plastic foils. 

Biofilm communities adhered to plastic polymers contribute to its degra-

dation by microbial activities, such as degrading ester bonds via enzymatic 

hydrolysis. Microbes excrete metabolic enzymes, e.g. depolymerase and ex-

tracellular substances [44]. About 90 microbial genera have been found to 

degrade plastics, e.g. for PLA include Tritirachium album (proteinase K) 

which favors hydrolysis whereas a strain of Commamonas testosterone de-

grades terephthalate to protocatechuate, which is further degraded by Pseu-

domonas putida [44]. The composition of bacterial communities on plastics 

exposed to seawater differed between different polymers (esp. PVC com-

pared to other plastics) and stages of biofilm succession, but these differences 

disappeared with an exposure time of 2 months [45]. However, Kirstein et al. 

[46] found only slight differences in biofilm on different types of synthetic 

polymers during 15 months’ exposure in seawater, with the exception of 

some polymer substrate-specific taxa. 

5. Conclusion 

During 45 days of exposure of G. fossarum to PET or PLA foils, no effects on 

mortality, feeding, and behavior could be seen independent on the age and 

stage of degradation of the foils. No significant weight loss of the foils was 

found, indicating the high stability of both types of plastic polymers. Both 

plastics serve as a substrate for similar biofilm communities. PLA started to 

degrade morphologically while PET remained unchanged for 180 days. How-

ever, the biopolymer PLA could not be degraded to a significant extent within 

180 days of exposure to natural lake water at environmentally relevant tem-

peratures.  

Acknowledgements 

The practical performance of the experiments was kindly done by Clara Linde 

Schlimbach (Exp. 1 - 2) and Nina Sauter (Exp. 3 - 4). 

https://doi.org/10.4236/***.2020.*****


A. Gerhardt 
 

 

DOI: 10.4236/***.2020.***** 17 Journal of Environmental Protection 

 

Conflicts of Interest 

The author declares no conflicts of interest regarding the publication of this 

paper. 

References 

[1] Beier, W. (2009) Biologisch Abbaubare Kunststoffe. Umweltbundesamt (ED), 
Berlin, 12 p. 

[2] Thompson, R.C., Moore, C.J., vom Saal, F.S. and Swan, S.H. (2009) Plastics, the En-
vironment and Human Health: Current Consensus and Future Trends. Philosoph-
ical Transactions of the Royal Society of London. Series B, Biological Sciences, 364, 
2153-2166. https://doi.org/10.1098/rstb.2009.0053 

[3] Derraik, J.G.B. (2002) The Pollution of the Marine Environment by Plastic Debris: 
A Review. Marine Pollution Bulletin, 4, 842-852.  
https://doi.org/10.1016/S0025-326X(02)00220-5 

[4] Wright, S.L., Thompson, R.C. and Galloway, T. (2013) The Physical Impacts of Mi-
croplastics on Marine Organisms: A Review. Environmental Pollution, 178, 
483-492. https://doi.org/10.1016/j.envpol.2013.02.031 

[5] Eriksen, M., Leberton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J. and Borerro, J.C. 
(2014) Plastic Pollution in the World’s Oceans: More than 5 Trillion Plastic Piec-
es Weighing over 250000 Tons Afloat at Sea. PLoS ONE, 9, e11113.  
https://doi.org/10.1371/journal.pone.0111913 

[6] Singh, B. and Sharma, N. (2008) Mechanistic Implications of Plastic Degradation. 
Polymer Degradation and Stability, 93, 561-584.  
https://doi.org/10.1016/j.polymdegradstab.2007.11.008 

[7] Stöven, K., Jacobs, F. and Schnug, E. (2015) Microplastic: A Self-Made Environ-
mental Problem in the Plastic Age. Journal für Kulturpflanzen, 67, 241-250. 

[8] Auta, H.S., Emenike, C.U. and Fauziah, S.H. (2017) Distribution and Importance of 
Microplastics in the Marine Environment: A Review of the Sources, Fate, Effects 
and Potential Solutions. Environment International, 102, 165-176.  
https://doi.org/10.1016/j.envint.2017.02.013 

[9] Kirbach, R. (2015) Im Plastik gefangen. Die Zeit 25.06.2015.  
http://www.diezeit.de/2015/26  

[10] Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H. and Maeda, Y. (2016) 
A Bacterium That Degrades and Assimilates Poly(ethylene terephthalate). Sci-
ence (New York, N.Y.), 351, 1196-1199. 
https://doi.org/10.1126/science.aad6359 

[11] Austin, H.P., Allen, M.D., Donohoe, B.S., Rorrer, N.A., Kearns, F.L. and Silveira, R.L. 
(2018) Characterization and Engineering of a Plastic-Degrading Aromatic Poly-
esterase. Proceedings of the National Academy of Sciences of the USA, 115, 
E4350-E4357. https://doi.org/10.1073/pnas.1718804115 

[12] Siracusa, V., Rocculi, P., Romani, S. and Rosa, M.D. (2008) Biodegradable Poly-
mers for Food Packaging: A Review. Trends in Food Science & Technology, 19, 
634-643.  
https://doi.org/10.1016/j.tifs.2008.07.003 

[13] Soroudi, A. and Jakubowicz, I. (2013) Recycling of Bioplastics, Their Blends and 
Biocomposites: A Review. European Polymer Journal, 49, 2839-2858.  
https://doi.org/10.1016/j.eurpolymj.2013.07.025 

[14] Jamshidian, M., Tehrany, E.A., Imran, M., Jacquot, M. and Desobry, S. (2010) 
Poly-Lactid Acid: production, Applications, Nanocomposites and Release Studies. 
Comprehensive Reviews in Food Science & Food Safety, 9, 552-571.  
https://doi.org/10.1111/j.1541-4337.2010.00126.x 

[15] Karamanlioglu, M., Preziosi, R. and de Robson, G. (2017) Abiotic and Biotic Envi-
ronmental Degradation of the Bioplastic Polymer Poly(lactic acid): A Review. 
Polymer Degradation and Stability, 137, 122-130.  

https://doi.org/10.4236/***.2020.*****
https://doi.org/10.1098/rstb.2009.0053
https://doi.org/10.1016/S0025-326X(02)00220-5
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1016/j.polymdegradstab.2007.11.008
https://doi.org/10.1016/j.envint.2017.02.013
http://www.diezeit.de/2015/26
https://doi.org/10.1126/science.aad6359
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1016/j.tifs.2008.07.003
https://doi.org/10.1016/j.eurpolymj.2013.07.025
https://doi.org/10.1111/j.1541-4337.2010.00126.x


A. Gerhardt 

 

 

DOI: 10.4236/***.2020.***** 18 Journal of Environmental Protection 

 

https://doi.org/10.1016/j.polymdegradstab.2017.01.009 

[16] Elsawy, M.A., Kim, K.H., Park, J.W. and Deep, A. (2017) Hydrolytic Degradation of 
Polylactic Acid (PLA) and Its Composites. Renewable and Sustainable Energy Re-
views, 79, 1346-1352. https://doi.org/10.1016/j.rser.2017.05.143 

[17] Nair, N.R., Sekhar, V.C. and Nampoohiri, K.M. (2016) Augmentation of a Microbial 
Consortium for Enhanced Polylactid (PLA) Degradation. Indian Journal of Micro-
biology, 56, 59-63. https://doi.org/10.1007/s12088-015-0559-z 

[18] Wu, C.S. (2009) Renewable Resource-Based Composites of Recycled Natural Fi-
bers and Maleated Polylactide Bioplastic: Characterization and Biodegradability. 
Polymer Degradation and Stability, 94, 1076-1084.  
https://doi.org/10.1016/j.polymdegradstab.2009.04.002 

[19] Papong, S., Malakul, P., Trungkavashirakun, R., Wenunun, P., Chomin, T., Nith-
anakul, M. and Sarobol, E. (2014) Comparative Assessment of the Environmental 
Profile of PLA and PET Drinking Water Bottles from a Life-Cycle Perspective. 
Journal Cleaner Production, 65, 539-550.  
https://doi.org/10.1016/j.jclepro.2013.09.030 

[20] Kunz, P.Y., Kienle, C. and Gerhardt, A. (2010) Gammarus spp. in Aquatic Ecotoxi-
cology and Water Quality Assessment: Toward Integrated Multilevel Tests. Re-
views of Environmental Contamination and Toxicology, 205, 1-76.  
https://doi.org/10.1007/978-1-4419-5623-1_1 

[21] Gerhardt, A. (2011) GamTox: A Low Cost Multimetric Ecotoxicological Test with 
Gammarus spp. for in and ex Situ Application. International Journal of Zoology, 
2011, Article ID: 574536. https://doi.org/10.1155/2011/574536 

[22] Gerhardt, A., Clostermann, M., Fridlund, B. and Svensson, E. (1994) Monitoring of 
Behavioural Patterns of Aquatic Organisms with an Impedance Conversion 
Technique. Environment International, 20, 209-219.  
https://doi.org/10.1016/0160-4120(94)90138-4 

[23] Gerhardt, A., Carlsson, C., Ressemann, C. and Stich, K.P. (1998) New Online Bio-
monitoring System for Gammarus pulex (L.) (Crustacea): In Situ Test below a 
Copper Effluent in South Sweden. Environmental Science & Technology, 32, 
150-156. https://doi.org/10.1021/es970442j 

[24] Farrell, P. and Nelson, K. (2013) Trophic Level Transfer of Microplastic. Mytilus 
edulis (L.) to Carcinus maenas (L.). Environmental Pollution, 177, 1-3.  
https://doi.org/10.1016/j.envpol.2013.01.046 

[25] Wagner, M., Scherer, C., Alvarez-Muñoz, D., Brennholt, N., Bourrain, X., Buchinger, 
S., Fries, E., Cécile Grosbois, C., Klasmeier, J., Marti, T., Rodriguez-Mozaz, S., Ur-
batzka, R., Vethaak, A.D., Winther-Nielsen, M. and Reiffferscheid, G. (2014) Mi-
croplastics in Freshwater Ecosystems: What We Know and What We Need to 
Know. Environmental Sciences Europe, 26, Article No. 12.  
https://doi.org/10.1186/s12302-014-0012-7 

[26] Weber, A., Scherer, C., Brennholt, N., Reifferscheid, G. and Wagner, M. (2017) PET 
Microplastics Do Not Negatively Affect the Survival, Development, Metabolism 
and Feeding Activity of the Freshwater Invertebrate Gammarus pulex. Environ-
mental Pollution, 234, 181-189. https://doi.org/10.1016/j.envpol.2017.11.014 

[27] Mateos-Cardenas, A., Scott, D., Seitmaganbetova, G., van Pelt, F., O’Halloran, J. and 
Jansen, M. (2019) Polyethylene Microplastic Adehere to Lemna minor (L.), Yet 
Have No Effect on Plant Growth or Feeding by Gammarus duebeni (Lillj.). Science 
of the Total Environment, 689, 413-421.  
https://doi.org/10.1016/j.scitotenv.2019.06.359 

[28] Gerhardt, A., Schäfer, M., Blum, T. and Honnen, W. (2019) Toxicity of Microplas-
tics with and without Adsorbed Tributyltin (TBT) in Gammarus fossarum, Koch  
1835). Fundamental and Applied Limnology, Special Issue.  
https://doi.org/10.1127/fal/2019/1114 

[29] Gerhardt, A., Janssens de Bisthoven, L. and Soares, A.M.V.M. (2005) Evidence for 
the Stepwise Stress Model: Gambusia holbrooki and Daphnia magna under Acid 
Mine Drainage and Acidified Reference Water Stress. Environmental Science & 
Technology, 39, 4150-4158. https://doi.org/10.1021/es048589f 

https://doi.org/10.4236/***.2020.*****
https://doi.org/10.1016/j.polymdegradstab.2017.01.009
https://doi.org/10.1016/j.rser.2017.05.143
https://doi.org/10.1007/s12088-015-0559-z
https://doi.org/10.1016/j.polymdegradstab.2009.04.002
https://doi.org/10.1016/j.jclepro.2013.09.030
https://doi.org/10.1007/978-1-4419-5623-1_1
https://doi.org/10.1155/2011/574536
https://doi.org/10.1016/0160-4120(94)90138-4
https://doi.org/10.1021/es970442j
https://doi.org/10.1016/j.envpol.2013.01.046
https://doi.org/10.1186/s12302-014-0012-7
https://doi.org/10.1016/j.envpol.2017.11.014
https://doi.org/10.1016/j.scitotenv.2019.06.359
https://doi.org/10.1127/fal/2019/1114
https://doi.org/10.1021/es048589f


A. Gerhardt 
 

 

DOI: 10.4236/***.2020.***** 19 Journal of Environmental Protection 

 

[30] Conn, R.E., Kolstad, J.J., Borzelleca, J.F., Dixler, D.S., File, L.J., LaDu, B.N. and Paiza, 
M.W. (1995) Safety Assessment of Polylactide (PLA) for Use as Food-Contact 
Polymer. Food and Chemical Toxicology, 33, 273-283.  
https://doi.org/10.1016/0278-6915(94)00145-E 

[31] Maiza, M., Tahar Benaniba, M., Quintard, G. and Massadier-Nageotte, V. (2015) 
Biobased Additive Plasticizing Polylactid Acid (PLA). Polimeros, 25, 581-590.  
https://doi.org/10.1590/0104-1428.1986 

[32] Nawrocki, J., Dabrowska, A. and Borcz, A. (2002) Investigation of Carbonyl Com-
pounds in Bottled Waters from Poland. Water Research, 36, 4893-4901.  
https://doi.org/10.1016/S0043-1354(02)00201-4 

[33] Mutsuga, M., Kawamura, Y., Sugita-Konishi, Y., Hara-Kudo, Y., Takatori, K. and 
Tanamoto, K. (2006) Migration of Formaldehyde and Acetaldehyde into Mineral 
Water in Polyethyleneterephthalate (PET) Bottles. Food Additives and Contami-
nants, 23, 212-218. https://doi.org/10.1080/02652030500398361 

[34] Wagner, M. and Öhlmann, J. (2009) Endocrine Disruptors in Bottled Mineral 
Water: Total Estrogenic Burden and Migration from Plastic Bottles. Environmen-
tal Science and Pollution Research, 16, 278-286.  
https://doi.org/10.1007/s11356-009-0107-7 

[35] Ergene, S., Celic, A., Cavas, T., Köleli, N. and Aymak, C. (2008) The Evaluation of 
Toxicity and Mutagenicity of Various Drinking Waters in the Human Blood Lym-
phocytes (HULYs) in Vitro. Food and Chemical Toxicology, 46, 2472-2475.  
https://doi.org/10.1016/j.fct.2008.04.003 

[36] Ceretti, E., Zani, C., Zerbini, I., Guzzella, L., Scaglia, M., Berna, V., Donato, F., 
Monarca, S. and Feretti, D. (2010) Comparative Assessment of Genotoxicity of 
Mineral Water Packed in PET and Glass Bottles. Water Research, 44, 1462-1470.  
https://doi.org/10.1016/j.watres.2009.10.030 

[37] Bach, C., Dauchy, X., Severin, I., Munoz, J.F., Etienne, S. and Chagnon, M.C. (2014) 
Effect of Sunlight Exposure on the Release of Intentionally and/or 
Non-Intentionally Added Substances from PET Bottles into Water: Chemical 
Analysis and in Vitro Toxicity. Food Chemistry, 162, 63-71.  
https://doi.org/10.1016/j.foodchem.2014.04.020 

[38] Ndazi, B.S. and Karlsson, S. (2011) Characterization of Hydrolytic Degradation of 
Polylactic Acid/Rice Hulls Composites in Water at Different Temperatures. Ex-
press Polymer Letters, 5, 119-131. 
https://doi.org/10.3144/expresspolymlett.2011.13 

[39] Ioakeimidis, C., Fotopoulou, K.N., Kanapanagioti, H.K., Geraga, M., Zeri, C., Pa-
pathanassiou, E. and Papatheororou, G. (2016) The Degradation Potential of PET 
Bottles in the Marine Environment. An ATR-FTIR Approach. Scientific Reports, 6, 
Article No. 23501. https://doi.org/10.1038/srep23501 

[40] Edge, M., Hayes, M., Mohammadian, M., Allen, N.S., Jewitt, T.S., Brems, K. and 
Jones, K. (1991) Aspects of Poly(ethylene terephthalate) Degradation for Archiv-
al Life and Environmental Degradation. Polymer Degradation and Stability, 32, 
131-153. https://doi.org/10.1016/0141-3910(91)90047-U 

[41] Allen, N.S., Edge, M., Mohammadian, M. and Jones, K. (1994) Physiochemical As-
pects of the Environmental Degradation of PET. Polymer Degradation & Stability, 
43, 229-237. https://doi.org/10.1016/0141-3910(94)90074-4 

[42] Kawai, F., Nakadai, K., Nishioka, E., Nakajama, H., Masaki, K., Ohara, H. and Iefuji, 
H. (2011) Different Enantioselectivity of 2 Types of Poly(lactic acid) Depolymer-
ases toward Poly(L-lactic acid) and Poly(D-lactic acid). Polymer Degradation and 
Stability, 96, 1342-1348. 
https://doi.org/10.1016/j.polymdegradstab.2011.03.022 

[43] Mutsuga, M., Kawamura, Y. and Tanamoto, K. (2008) Migration of Lactic Acid, 
Lactide and Oligomers from Polylactide Food-Contact Materials. Food Additives 
and Contamination: Part A, 25, 1283-1290.  
https://doi.org/10.1080/02652030802017529 

[44] Ghosh, S., Qureshi, A. and Purohit, H.P. (2019) Microbial Degradation of Plastics: 
Biofilms and Degradation Pathways. In: Kumar, V., Kumar, R., Singh, J. and Ku-

https://doi.org/10.4236/***.2020.*****
https://doi.org/10.1016/0278-6915(94)00145-E
https://doi.org/10.1590/0104-1428.1986
https://doi.org/10.1016/S0043-1354(02)00201-4
https://doi.org/10.1080/02652030500398361
https://doi.org/10.1007/s11356-009-0107-7
https://doi.org/10.1016/j.fct.2008.04.003
https://doi.org/10.1016/j.watres.2009.10.030
https://doi.org/10.1016/j.foodchem.2014.04.020
https://doi.org/10.3144/expresspolymlett.2011.13
https://doi.org/10.1038/srep23501
https://doi.org/10.1016/0141-3910(91)90047-U
https://doi.org/10.1016/0141-3910(94)90074-4
https://doi.org/10.1016/j.polymdegradstab.2011.03.022
https://doi.org/10.1080/02652030802017529


A. Gerhardt 

 

 

DOI: 10.4236/***.2020.***** 20 Journal of Environmental Protection 

 

mar, P., Eds., Contaminants in Agriculture and Environment: Health Risks and Re-
mediation, Volume 1, Agro. Environ. Media, Haridwar, 184-199.  
https://doi.org/10.26832/AESA-2019-CAE-0153-014 

[45] Pinto, M., Langer, T.M., Hüffer, T., Hofmann, T. and Herndl, G.J. (2019) The Com-
position of Bacterial Communities Associated with Plastic Biofilms Differs be-
tween Different Polymers and Stages of Biofilm Succession. PLoS ONE, 14, 
e0217165. https://doi.org/10.1371/journal.pone.0217165 

[46] Kirstein, I.V., Wichels, A., Krohne, G. and Gerdts, G. (2018) Mature Biofilm Com-
munities on Synthetic Polymers in Seawater: Specific or General? Marine Envi-
ronmental Research, 142, 147-154. 
https://doi.org/10.1016/j.marenvres.2018.09.028 

 

 

https://doi.org/10.4236/***.2020.*****
https://doi.org/10.26832/AESA-2019-CAE-0153-014
https://doi.org/10.1371/journal.pone.0217165
https://doi.org/10.1016/j.marenvres.2018.09.028

