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ABSTRACT

If biodegradable plastics tackle the marine plastic pollution problem sufficiently remains questionable. To gain
more insight in degradability, performance, and the impact of degradation on the toxicity, commercial bags
made from two biodegradable plastics and one conventional plastic (PE) were exposed for 120 days in a mes-
ocosm featuring benthic, pelagic, and littoral habitat simulations. Degradability was assessed as weight loss, and
specimens were tested for toxicity using Paracentrotus lividus sea-urchin larvae after different exposure times.
Both biodegradable bags showed degradation within 120 days, with the littoral simulation showing the highest
and the pelagic simulation the lowest decay. Disregarding habitat, the home-compostable plastic showed higher
marine degradation than the industrial-compostable material. The relevant initial toxicity of both biopolymers
was lost within 7 days of exposure, pointing towards easily leachable chemical additives as its cause. Interest-
ingly, littoral exposed specimens gained toxicity after 120 days, suggesting UV- induced modifications that in-

crease biopolymer toxicity.

1. Introduction

Plastic pollution is one of the greatest emerging threats to the envi-
ronment in our time. Plastic can enter marine habitats on different
pathways, e.g. as lost material from the fishing and shipping industry as
well as migrated from land-based trash (Geyer et al., 2017; Moore et al.,
2005; Portman and Brennan, 2017). It is estimated that about 70-80% of
the marine debris is plastic (Derraik, 2002; Gacutan et al., 2022; Selvam
et al., 2021). Once it has entered the sea, most plastics initially stay
afloat (Barnes et al., 2009; Cozar et al., 2014), and are transported by
currents and tides (Coyle et al., 2020; Howell et al., 2012) often leading
to accumulation zones in ocean subtropical gyres (Law et al., 2014;
Lebreton et al., 2018; Moore, 2008; Yamashita and Tanimura, 2007).
Biofouling, water logging and swelling can lead to sinking and accu-
mulation on the sea floor (Fazey and Ryan, 2016; Peng et al., 2020;
Schlining et al., 2013) In general, the different final marine environ-
mental compartments can lead to different degradation rates (Brias-
soulis et al., 2019; Sekiguchi et al., 2011a), as degradation is highly
influenced by abiotic factors (Ammala et al., 2011), especially UV light
(Gewert et al., 2015; Masry et al., 2021; Ranby, 1989), and microor-
ganism composition (Oberbeckmann et al., 2014; Sekiguchi et al.,

2011b; Shah et al., 2008; de Tender et al., 2015). The combination of
biotic and abiotic degradation leads to alternation and fragmentation of
plastic and often to the formation of micro- (MP) and nano- plastics (NP)
(Lucas et al., 2008). Especially hydrolytic, mechanical and photo(oxo)
degradation plays a major role in the formation of MPs (Jahnke et al.,
2017; Lambert and Wagner, 2016; Song et al., 2017). The threat large
and small plastic particles pose to marine life gained more and more
attention during recent years (Avio et al., 2017; Balestri et al., 2017;
Beiras and Schonemann, 2020; Tanaka et al., 2013) and thus the usage
of so called bio- and biodegradable plastic has gained more attention
(Andrady, 2011; Emadian et al., 2017; Krzan et al., 2006). However,
whether biodegradable plastics are successfully tackling the problem is
questionable as studies in laboratory (Bagheri et al., 2017; Tosin et al.,
2012; Witt et al., 2001) and field conditions representing different ma-
rine zones (Lott et al., 2020, 2021; O'Brine and Thompson, 2010; Volova
et al.,, 2011) showed contrasting outcomes. Today, it remains unclear
whether biodegradable formulations are advantageous to reduce marine
litter compared to conventional polymers (Napper and Thompson,
2019), and bio labelled plastic is under suspicion for greenwashing
commercial strategies (Nazareth et al., 2019; Viera et al., 2021).

On the other hand, polymer degradation processes are suspected to
alter the toxicity exhibited by plastic particles (Jahnke et al., 2017;
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Abbreviations

BEN benthic exposure
BIO1 home compostable bag
BIO2 industrial compostable bag

CRT classification and regression tree

ISO International Organization for Standardization
LIT littoral exposure

LOI loss on ignition

MP micro- plastics

NP nano- plastics

PAR photosynthetic active radiation

PBAT poly(butylene adipate-co-terephthalate)
PE polyethylene bag
PEL pelagic exposure

PLA polylactide
PVC Polyvinyl chloride
SET sea urchin embryo test

T (air) surrounding air temperature

T(aq) water temperature inside the mesocosm

T (mar) marine water temperature

TOC total organic carbon

TU toxic unit

ALc control corrected length of Paracentrotus lividus larvae

Ouyang et al., 2021), especially those containing functional additives
(Barrick et al., 2021). It was shown that toxic effects of plastic leachates
are enhanced upon exposure to UV light (Almeda et al., 2016) and
weathering (Gewert et al., 2021). Furthermore, NPs potentially pro-
duced by fragmentation of plastic objects exhibit a higher toxicological
risk. Beiras and Schonemann (2020) showed that the deleterious effects
of plastic particles on aquatic organisms increase as particle size de-
creases. NP and small MP are known to cross biological membranes
leading to accumulation in tissues and inducing toxic effects (Bhatta-
charjee et al., 2014; Della Torre et al., 2014; Gambardella et al., 2013;
Pinsino et al., 2017; Stapleton, 2019).

Durability during the operational life of polymeric materials is a
desirable property, and multiple techniques and standards have been
developed to assess durability of plastics under different laboratory
conditions. However, the complexities of the polymer degradation
processes limit the predictive value of modelling environmental
behaviour on the basis of laboratory tests, and relating accelerated
laboratory tests with outdoor service behaviour is difficult (Harrison
et al., 2018; White and Turnbull, 1994). To close the gap between lab-
oratory and field scenarios, a mesocosm study in environmentally rele-
vant conditions was conducted with three commercially available
plastic bags. One conventional polymer made of polyethylene (PE) and
two polymers labelled as biodegradable were exposed to simulated
pelagic, benthic, and littoral conditions. Degradability was assessed as
weight loss and compared for each marine zone and polymer type. To
monitor toxicity during the degradation process, the Paracentrotus lividus
sea-urchin embryo test (SET) was performed with lixiviates of the new
and degraded specimens.

2. Materials and methods
2.1. Test materials

Commercially available plastic bags with similar thickness were
purchased from Green Maker China (BIO1), Eco Pac Spain (BIO2), and
Pampols Spain (PE). The characteristics of these materials are reflected
in table S1.

BIOL1 is a green bag made from a polylactide (PLA), poly(butylene
adipate-co-terephthalate) (PBAT) and maize starch-based polymer and
labelled OK compost HOME — TUV Austria. BIO2 is a translucent-beige t-
shirt bag, claiming compostability in industrial conditions (OK compost
INDUSTRIAL- TUV Austria). According to the producer, it is a maize
starch-based polymer. PE is a white, low-density polyethylene bag, and
it was used as a non-biodegradable negative control in compliance with
International Organization for Standardization (2020).

Rectangular (2 x 15 cm) specimens were cut from each bag using a
scalpel, avoiding edges and folds (ASTM Standard D3826-18, 2018).
Samples (n = 18) were taken before and after 7, 14, 28, 60, 90 and 120
days of exposure in randomized fashion from each tank, rinsed with
distilled water, and carefully cleaned with a cotton swamp to remove

any biofilm and dirt without damaging the surface (International Or-
ganization for Standardization, 2020). Specimens were then left to dry
in dark conditions at ambient temperature until constant weight was
reached (ASTM Standard D7473M-21, 2021).

2.2. Test system and settings

Degradation of polymers in simulated pelagic (PEL), benthic (BEN)
and littoral (LIT) habitats was conducted in the mesocosm facilities of
ECIMAT-CIM (University of Vigo, Galicia, Spain), belonging to the Eu-
ropean mesocosms network AQUACOSM-plus. PEL and BEN exposures
were set up inside 400 1 fiberglass tanks (100x100x50 cm; Fiberglass S.
A.), whereas 80x40x38 cm plastic boxes were used for LIT treatment.
PEL and BEN are flow-through-systems (144 1/h) with passive drainage,
using natural 60 pm- filtered seawater from the Ria de Vigo (NW Iberian
Peninsula). LIT is a sand system with no seawater, influenced by pre-
cipitation and natural humidity and air salt content. Specimens were
individually hold in frames made from high pressure PVC pipes and
glued with Loctite Super Glue-3 (Henkel Iberica). All materials intro-
duced into the test systems (holding devices, drainage systems) were
previously weathered in the mesocosm water system (International
Organization for Standardization, 2018). In addition, all system com-
ponents were flushed with running seawater for at least 5-10 days
before starting the experiment.

2.2.1. Pelagic system

The samples were mounted to frames (75 x 75 cm and 45 x 45 cm)
consisting of PVC Pipes (Fig. 1). PVC clamps were glued to the sides and
one frame of each size introduced in every tank. Total water depth was
set to 40 cm. The frames were mounted at a distance of 12 cm from the
bottom, leaving at least 11 cm water column above every specimen. The
system allows full contact with the surrounding water and exposure to
sunlight. Each plastic material was tested in a separate tank.

2.2.2. Benthic system

For BEN exposures (Fig. 1) tanks were filled with 110 1 sterile arti-
ficial sand (ASTRALPOOL Silica Sand 0.4-0.8 mm), introduced slowly
under constant stirring. The tank outflow was covered with a nylon
mesh (250 pm). A natural inoculum (ASTM Standard D6691-17, 2017)
consisting of 2000 ml solid and 1300 ml liquid phase was introduced
into the BEN system to establish microorganism consortium. Inoculum
was collected at Vao beach (42°11'49.7"N 8°47'45.2"W) in three places,
one close to a sewer containing freshwater at the border between
supralittoral and eulittoral zone, one directly on the low tide line, and
one close to a rock formation on the south-west end of the beach (low
tide line) (Trujillo, 2017). A hole was dug until inflow of water was
observed. This pore water was taken and sieved through 20 pm. Solid
phase was taken from the same depth as the ground water and particles
exceeding 1 mm and all megafauna were removed using metallic sieves.
Inoculums from all spots were mixed before introducing them into the
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Fig. 1. From left to right: PEL- Samples (beige) are mounted on the PVC test frame, leaving the complete surface area exposed to environmental influences.
BEN- Samples (white) are introduced in alterning groups into the system. Three layers of mesh underneath and three layers of mesh on top of the samples secure
sample position and contact with the sediment. A frame is used to tighten the mesh. The outflow diameter is extended to 0.196 m? surface to prevent clogging.
LIT - Four rows of samples are introduced onto the natural beach sand. Samples are mounted to the holding device on one side, allowing movement due to wind.

tanks with low flow applied for 24 h. Sediment height was 11 cm and
water level adjusted to 40 cm. Samples were covered with a mono-
filament nylon net (filament = 0.3 mm, mesh size = 4 cm) to ensure
sediment contact (Fig. 1). Each plastic material was tested in a separate
tank.

2.2.3. Littoral system

For LIT exposures 120 1 boxes were filled to the top with natural
beach sand (Fig. 1). For each plastic material two boxes were used. To
avoid waterlogging due to rain, two drainage holes were drilled and
covered with 250 pm nylon mesh, preventing loss of sand. No water was
introduced to the system otherwise. Samples were attached to PVC
clamps and introduced in rows to the boxes. The system was covered
with two layers of monofilament nylon net (filament = 0.3 mm, mesh
size = 4 cm) to prevent access to birds or sample loss due to wind.

Radiation, precipitation, wind speed and direction, air temperature
and humidity were measured by the ECIMAT weather station. Dissolved
oxygen and pH were weekly measured in the water inside the tanks with
an OD LD010103, a PHC10103 probe and a Hach HQ40d. Water tem-
perature was tracked every 30 min with a SBE 39 (Seabird).

2.3. Chemical analyses and characterization

2.3.1. Water

Measurements of NHZ, NO3, NO3 and PO%’ and total organic carbon
(TOC) were done by the Centro de Apoio Cientifico-Tecnoloxico a Inves-
tigacion (C.A.C.T.I) with a continuous- flow analyzer (AutoAnalyzer AA3
Bran+Luebbe) and a high-performance TOC analyzer (Analytik Jena
multi N/C 3100®). Samples were stored in amber glass bottles on dry ice
until processing.

2.3.2. Sediment

The solid inoculum as well as sediment from the benthic simulations
were screened for hydrocarbon content and analysed for NHZ, NOz,
NO3 and PO%’. Tank sediment was taken as columns (d = 2 ¢cm) and
frozen at —80 °C. Freeze drying was performed with a Telstar LyoAlfa6.
For hydrocarbon analyses, 15 g of the dry matter was extracted with
Hexane:Acetone (1:1) in FOSS Soxtec ST 243 and GC-MS analyses used
an Agilent GC 7820A-Agilent 5975 MSD. For nutrient analyses, sediment
samples and a 1 mol/1 potassium chloride solution (1:10) was stirred for
one hour and afterwards centrifuged. Thereafter, the extracted was
analysed with continuous- flow analyzer (AutoAnalyzer AA3

Bran+Luebbe) (International Organization for Standardization, 2005).

Organic content of the solid inoculum and the sediment at day 8 was
estimated with loss on ignition (LOI) with 30 g dry sediment at 450 °C
for 2.5 h.

Particle size distribution of the sediments used in the BEN and LIT
exposures was analysed by using a CISA BA 200 N using 1000 pm, 500
pm, 250 pm, 150 pm, 63 pm and 20 pm stainless steel sieves. Shaking
time was set to 10 min with an amplitude of 2 mm.

2.3.3. Weight

Weight of the plastic specimens was measured with a Sartorius
LE225D balance with a 0.00001 g precision, and weight loss calculated
by the difference of means of n = 40 specimens (for tp), or n = 18
otherwise, respect to t = 0 was used as endpoint.

Eq. (1) calculation of control corrected weight, used for statistical
analyses. t; refers to the measured weight at the point in time, while t
refers to the original weight of the sample.

weight t;

Aweight = @

mean weight t,

2.4. Toxicity assays

The SET using P. lividus was conducted as described in Beiras et al.
tier I (Beiras et al., 2019). Eight samples were grinded with dry ice to
250 pm (Retsch Ultra Centrifugal Mill ZM 200) and dried for 24 h at
20 °C in dark conditions. One g/1 lixiviates were obtained in 50 ml glass
bottles (Lorenzo et al., 2002) by stirring the plastic powder in artificial
sea water in an overhead rotator at 1 rpm for 24 h in the dark. Lixiviate is
filtered through glass microfiber filters (Whatman®, Grade GF/F 0.7
pm) and tested after x1 (undiluted), x1/3, x1/10 and x1/30 dilutions in
FSW. Sea-urchins were provided by the ECIMAT stock, originally
collected from natural habitats in the Ria de Vigo (NW Iberian Penin-
sula). Size recordings were done with Leica analysis software LAS V4.12
and a Leica DMI 4000 B microscope with a 2.5x objective for larvae and
a 5.0x objective for the eggs. Size increase, calculated as mean (n = 35)
maximum dimension minus mean egg size at t = 0, was used as endpoint
(Beiras et al., 2012).

2.5. Statistical analyses

All statistical analyses were done with IMB SPSS Statistics 25.
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Normal distribution of data was verified with the Shapiro-Wilk test, and
homogeneity of variance with the Levene's test. If normally distributed,
a one factor ANOVA was conducted to compare the means. For toxicity
data, treatments significantly different from the control were identified
by using the Dunnett's t-test if variances were homogeneous, and T3 test
otherwise. If data were not normally distributed Mann-Whitney-U test
was performed. For plastic specimen weight data, Bonferroni post hoc
test was used to identify significant degradation.

EC50 values were calculated by fitting the data of the control cor-
rected lengths (ALc) to Probit dose-response models. Toxic units (TU)
were derived as TU = 1/EC50 (Beiras et al., 2012) and used for com-
parisons between experiments. In addition, Pearson correlations be-
tween time and ALc were conducted. The day O corrected weight was
calculated for all data, to achieve comparability between plastic species
(Eq. (1)). Decision tree classifications using a classification and regres-
sion tree (CRT) were conducted to find homogeneous groups inside the
data. Homogenous groups was thereby calculated by the least-squared
deviation of the variance and validated with cross validation (10
folds) (Krzywinski and Altman, 2017; Loh, 2011). Groups were after-
wards confirmed on significance using a three factor ANOVA, including
plastic type, time, and environment. If significant differences between
groups was confirmed, data was reduced stepwise by removing homo-
geneous groups from the analysis until main drivers for heterogeneity
were found.

3. Results
3.1. Test system

Biofouling was observed in both BEN and PEL tanks. By visual esti-
mation, the degree and type of algae growth was similar in all tanks. No
clogging was experienced, and turbulence was minimal. Detachment
from the clips was only occasionally seen in the PEL treatment, and
detached specimens were removed from the tank and not analysed. In
the LIT treatment samples were frequently observed to experience me-
chanical stress caused by the wind.

3.2. Water
The average water temperature in the mesocosm (T(aq)) was 17.8 °C

with an average temperature range of 5.5 °C between day and night
throughout the experimental period. The highest total temperature

28

Temperature in °C
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range was 9.7 °C (08/07/2021). The temperature of the natural water in
the sea showed a similar average temperature (17 °C), following a sea-
sonal trend, with increasing mean values from April to July-August. Air
temperature and UV radiation seasonally increased towards August also
(Fig. 2, S2-S4). The nutrient analyses of the mesocosm water revealed
remarkably higher concentrations of ammonia and nitrate at day 11 for
the BIO1-BEN, at day 91 for BIO1-PEL and BIO2-BEN. Tanks containing
PE showed levels similar to the concentrations measured in the
inflowing water, except for the PE-BEN at day 120, where high nitrate
concentrations were measured (S5). Interestingly, in both biodegradable
bags, additives containing an amide group were confirmed (not
published).

3.3. Sediment

The analysis of the grain size of the sediment used in the BEN
exposure resulted in a phi of 0.33, coarse sand with very low silt content
(Wentworth, 1922), as commonly found in Ria de Vigo (NW Iberian
Peninsula) (Garcia-Garcia et al., 2004).

Initially the artificial sand was of sterile nature and organic matter
was only present in the natural inoculum. 8 days into the experiment
organic content in the tanks had enriched to 3.7%, showing already a
similar value as the natural sand used as solid inoculum: 4.7%. The
nutrient development in the tank sediment also reached levels of ni-
trogen and phosphorus close to levels measured in the solid inoculum
(S6).

The analyses of hydrocarbons in the solid inoculum and tank sedi-
ments after 8 days showed levels well below established threshold effect
levels (Macdonald et al., 1996) (S8). Furthermore, no enrichment of
hydrocarbons was observed after 120 days of experimental period,
indicating no leaching from mesocosm components into the system (S8).

3.4. Plastic degradation

By visual and tactile evaluation both biodegradable bags showed
surface alternations and lost colour in all three simulated environments
after 120 days. Thereby BIO1 showed the greatest alterations in all en-
vironments followed by BIO2. The highest decay was seen in LIT con-
ditions, which led to increased brittleness and fragmentation of all the
specimens, including the PE also (Fig. 3). However, PE did not show any
weight decrease over time, whereas the biodegradable labelled bags
showed a significant weight loss ranging from 4.4% to 20% (Fig. 4). The

900

PAR in umol/m2s

10 0000 0
05. 04 20.04 05. 05 20. 05 04. 06 19. 06 04. 07 19. 07 03. 08
Date

T (aq) Range T (aq) Mean T (mar) e T (air) o PAR

Fig. 2. Temperature and photosynthetic active radiation measured in the mesocosm facility. T(aq)- water temperature inside the mesocosm, PAR- photosynthetic
active radiation, T (mar)- marine water temperature, T (air)- surrounding air temperature.
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Fig. 3. Specimens of biodegradable (BIO1, green; BIO2, beige) and PE bags at
day 0 (left) and after 120 days of degradation (right). For each bag from left to
right: BEN, PEL, LIT. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Day m0 m7 m14 m28 060 090 D120

Fig. 4. The graph shows the weight loss over time. Significantly reduced
weights compared to day 0 are marked with Asterisks (p < 0.05%, p < 0.01**, p
< 0.001%**), The error bars indicate the standard error.

highest weight loss after 120 days was measured for BIO1, the home
compostable bag, in LIT (20%) followed by BIO1 in BEN (15%). In PEL
conditions a weight loss of 7% after 120 days was observed. Weight loss
was also observed in the industrial compostable bag, BIO2, which lost
4.4% in pelagic conditions, 10% in benthic conditions and 13.8% in
littoral conditions after 120 days (Fig. 4).

CRT's revealed a clear separation of PE from BIO1 and BIO2 as the
most important grouping factor, followed by the influence of time,
which was confirmed by a three factor ANOVA (S10 & S11). Bonferroni
post hoc test identified a significant difference between all types of
plastic (S11). Further analyses of PE did neither reveal significant dif-
ferences between environments nor time related influence on the
negative control (§12). Following CRT analysis featuring only BIO1 and
BIO2, a growing influence of the marine habitat on the degradation in
later stages of the experiment was revealed, which was confirmed with a
three factor ANOVA (S13 & S14). Finally, correlation analysis showed
that the weight of BIO1 and BIO2 specimens significantly decreased with
time in all scenarios, with the highest negative correlations visible for
LIT (BIO1-PEL: r = —0.251, p = 0.002; BIO1-BEN: r = —0.428, p <
0.0001; BIO1-LIT: r = —0.768, p < 0.0001; BIO2-PEL: r = —0.199, p =
0.015; BIO2-BEN: r = —0.521; p < 0.0001; BIO2-LIT: r = —0.636, p <
0.0001).
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3.5. Toxicity

According to SET results (Fig. 5), BIO1 (TU = 2.65) and BIO2 (TU =
2.37) showed relevant initial toxicity, while PE did not show adverse
effects (TU < 1). For both biodegradable bags toxicity was lost within 7
days. In PEL and BEN no further changes of toxicity were observed
within the 120 days exposure time (S4). In contrast, in LIT increasing
toxicity was observed from day 60 (BIO1 TU = 1.13; BIO2 TU = 1.12)
towards day 120 (BIO1 TU = 3.96; BIO2 TU = 1.43). For both plastics
strong negative correlations between day 7 and day 120 according to
Pearson in LIT conditions (using the control corrected size ALc) were
found (BIO1: —0.943, p < 0.0001, r> = 0.889; BIO2: —0.943, p <
0.0001, r* = 0.898).

4. Discussion
4.1. Test system

Previous efforts to assess plastic degradation in marine conditions
frequently used exposure periods of approximately 1 year (Bagheri et al.,
2017; Briassoulis et al., 2019; Campani et al., 2020; Deroiné et al.,
2014a, 2014b; Lott et al., 2020; Weinstein et al., 2020). The mesocosm
test system here designed to simulate different marine habitats was
stable throughout the 120 days of exposure, and this period proved to be
sufficient to discriminate the environmental performance among the
materials tested. Conditions in the tanks were similar to natural condi-
tions recorded in the sea except for a wider fluctuation in water tem-
perature between night and day in the PEL and BEN tanks, due to the
relatively low flow applied to the system. Furthermore, steady concen-
tration of nutrients and organic content were seen in the inoculated
artificial sediment within the first 8 days of exposure, indicating a nat-
ural behaviour of the sediment. Thus, inoculating artificial sediments
with natural solid sediment and sediment pore water seems to have
provided a successful method of establishing environmental microor-
ganism populations (Thellen et al., 2008). High environmental realism
offers a great supplement to more regulated laboratory studies with the
same materials. A combination of laboratory studies with semi-field
conditions could give meaningful insight in the degradation/biodegra-
dation ratio experienced.

4.2. Plastic degradation

Classification and regression trees could show a separation in the
degradation behaviour of conventional and bioplastics and for different
marine habitats. Significant differences between the two biodegradable
bags tested were observed and could be identified predominantly in the
later stages of the experiment (S10). Thus, degradation of the plastic
bags tested was strongly influenced by the bag composition and to a
lesser extent by the simulated habitat (non-significant). Biodegradable
bags showed significantly higher degradation than the conventional PE
bag, showing 10 to 20% weight loss in 120 days. The home compostable
bag, BIO1, showed the highest degradation in all three habitats, fol-
lowed by the industrial compostable, BIO2. O'Brine and Thompson
(2010) reported degradation of compostable bags in the sea after 112
days, whereas conventional or oxo-degradable PE bags did not degrade
after the whole (280 days) exposure period. Volova et al. (2011) could
show degradation of bioplastics in field exposures within 160 days, but
did not detect significant differences between different bioplastics.

Concerning habitats, the aerial exposure, LIT, enhanced degradation
rates compared to underwater exposures. Abiotic factors such as UV and
mechanical stress greatly affect plastic degradation (Briassoulis, 2005;
Gewert et al., 2015; Ranby, 1989; White and Turnbull, 1994). Those
factors were predominantly featured in the LIT scenario. Napper and
Thompson (2019) also found faster degradation in aerial compared to
aquatic exposures, and associated this finding with greater levels of UV
radiation and oxygen. Regarding the subaquatic habitats, a trend
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towards higher degradation in the BEN compared to the PEL scenario
was observed, although differences did not reach statistical significance.
Potential differences between the PEL and BEN scenarios are most likely
induced by microorganism composition (Oberbeckmann et al., 2014), as
the abiotic factors above mentioned are expected to be very similar.
Higher degradation of plastics in contact with sediments compared to
water-column exposures are in line with previous studies (Beltran-San-
ahuja et al., 2020; Lott et al., 2020, 2021; Tosin et al., 2012). Further
research describing the different consortia of microorganisms grown on
the plastic may contribute to better explain the differences found be-
tween sediment contact and water column. Even though no polymer
reached full disintegration within 120 days, the ranking of degradation
roughly follows the biodegradability labelling of the bags. The home
compostable bag experienced the greatest material loss, followed by the
industrial compostable bag, whereas the non-degradable PE bag showed
the lowest decay.

4.3. Exposure to UV light induces toxicity in the biopolymers

In contrast to PE, BIO1 and BIO2 pre-exposed materials showed
relevant toxicity to sea-urchin embryos, most likely due to the presence
of chemical additives in the polymers (Beiras et al., 2018, 2019, 2021;
Cormier et al., 2021; Oliviero et al., 2019). Supporting this, toxicity was
lost in all simulations within 7 days of exposition, in line with rapid
leaching of additives, not covalently bond to polymeric chains, in
aquatic environments (Barrick et al., 2021; Hansen et al., 2014).
Simultaneously increasing levels of nitrogen were measured in the tanks
featuring biopolymers, which could result from degradation of additives
with amine groups, such as oleamide (Eyerer et al., 2005; Farrell and
Merkler, 2008; McDonald et al., 2008; Pajares and Ramos, 2019).
Interestingly, after 90 days in the LIT simulation the toxicity of the
bioplastics rose again. Main driver of the toxicity development could be
either transformation products and the formation of small sized particles
(NPs) (Gewert et al., 2018), or a higher degree of degradation leading to
the availability of previously non-available particles (Town and van
Leeuwen, 2020). We conclude the key factor for the increased toxicity to
be UV light, as the formation of toxic metabolites upon UV was
described before (Bejgarn et al., 2015; Gewert et al., 2021; Jahnke et al.,
2017; Ouyang et al., 2021; Rummel et al., 2022). In addition, degra-
dation of polymers might produce nano sized particles, which may play
an important role in the toxicity found in the biodegradable bags at
advanced stages of weathering (Gonzalez-Pleiter et al., 2019).

5. Conclusions

Biodegradability tests in environmentally relevant conditions are
highly needed to gain a better understanding of the polymer degradation
in the open nature. This study presents the first open, flow-through
mesocosm study investigating the degradation of two biodegradable
plastic bags in comparison to a conventional PE bag in three different
marine zones simultaneously. Disregarding habitat, the bag labelled as
home compostable showed enhanced degradation compared to the bag
labelled as industrial compostable. Thereby, the test system proved good
performance and was capable to clearly discriminate the environmental
performance of the three tested materials in 120 days, a period markedly
shorter than previous efforts. The use of a standard artificial sediment
with natural inoculum provided semi-controlled benthic conditions and
enables the system to be implemented in climatically different regions
for comparative studies. In addition, this study confirmed different
degradation speeds in different marine zones. LIT exposed samples
showed the highest degradation, most likely to be caused by photo-
degradation and erosion, followed by the BEN and PEL simulation.
Ecotoxicological analyses of plastic in different stages of degradation
were successfully integrated in the trial and a time related toxicity in-
crease was demonstrated, indicating a correlation between degradation
progress and toxicity. These findings strongly call for integrated toxicity
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assessments in degradability trials of plastics, especially bioplastics.
Funding Information

This research was supported by RisBioPlas Project, financed by the
Ministry of Science and Innovation - Spanish Agency of Research (AEI,
project reference PCI2020-112110); by LABPLAS Project (Landy-Based
Solutions for PLAStics in the Sea, Grant Agreement Nr.: 101003954,
financed by the EU H2020 program). S.L.I. was supported by the Min-
istry of Universities of Spain (FPU grant reference FPU19/02280).
EcoCost and CIM received funding by Xunta de Galicia. J. Q. received
support by the ERASMUS+ program.

CRediT authorship contribution statement

Jakob Quade: Conceptualization, Formal analysis, Investigation,
Methodology, Writing — original draft, Writing — review & editing,
Visualization. Sara Lopez-Ibanez: Conceptualization, Investigation.
Ricardo Beiras: Conceptualization, Funding acquisition, Writing — re-
view & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We especially thank Jose Gonzalez, head of the Oceanography Unit
and Mesocosms facilities at ECIMAT, and Damian Costas, technical di-
rector of the ECIMAT. Furthermore, we would like to thank Alejandro
Vilas, Micael Vidal-Mana and Olalla Alonso-Lopez for their assistance
with the laboratory work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2022.113673.

References

Almeda, R., Harvey, T.E., Connelly, T.L., Baca, S., Buskey, E.J., 2016. Influence of UVB
radiation on the lethal and sublethal toxicity of dispersed crude oil to planktonic
copepod nauplii. Chemosphere 152, 446-458. https://doi.org/10.1016/j.
chemosphere.2016.02.129.

Ammala, A., Bateman, S., Dean, K., Petinakis, E., Sangwan, P., Wong, S., Yuan, Q., Yu, L.,
Patrick, C., Leong, K.H., 2011. An overview of degradable and biodegradable
polyolefins. Prog. Polym. Sci. 36, 1015-1049. https://doi.org/10.1016/].
progpolymsci.2010.12.002.

Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62,
1596-1605. https://doi.org/10.1016/j.marpolbul.2011.05.030.

ASTM Standard D3826-18, 2018. “Practice for Determining Degradation End Point in
Degradable Polyethylene And Polypropylene Using a Tensile Test”. ASTM
International, West Conshohocken, PA. https://doi.org/10.1520/D3826-18.

ASTM Standard D6691-17, 2017. “Test Method for Determining Aerobic Biodegradation
of Plastic Materials in the Marine Environment by a Defined Microbial Consortium or
Natural Sea Water Inoculum”. ASTM International, West Conshohocken, PA. https://
doi.org/10.1520/D6691-17.

ASTM Standard D7473M-21, 2021. “Test Method for Weight Attrition of Plastic Materials
in the Marine Environment by Open System Aquarium Incubations”. ASTM
International, West Conshohocken, PA. https://doi.org/10.1520/D7473 D7473M-
21.

Avio, C.G., Gorbi, S., Regoli, F., 2017. Plastics and microplastics in the oceans: from
emerging pollutants to emerged threat. Mar. Environ. Res. 128, 2-11. https://doi.
org/10.1016/j.marenvres.2016.05.012.

Bagheri, A.R., Laforsch, C., Greiner, A., Agarwal, S., 2017. Fate of so-called
biodegradable polymers in seawater and freshwater. Glob.Chall.(Hoboken, NJ) 1,
1700048. https://doi.org/10.1002/gch2.201700048.

Balestri, E., Menicagli, V., Vallerini, F., Lardicci, C., 2017. Biodegradable plastic bags on
the seafloor: a future threat for seagrass meadows? Sci. Total Environ. 605-606,
755-763. https://doi.org/10.1016/j.scitotenv.2017.06.249.


https://doi.org/10.1016/j.marpolbul.2022.113673
https://doi.org/10.1016/j.marpolbul.2022.113673
https://doi.org/10.1016/j.chemosphere.2016.02.129
https://doi.org/10.1016/j.chemosphere.2016.02.129
https://doi.org/10.1016/j.progpolymsci.2010.12.002
https://doi.org/10.1016/j.progpolymsci.2010.12.002
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1520/D3826-18
https://doi.org/10.1520/D6691-17
https://doi.org/10.1520/D6691-17
https://doi.org/10.1520/D7473_D7473M-21
https://doi.org/10.1520/D7473_D7473M-21
https://doi.org/10.1016/j.marenvres.2016.05.012
https://doi.org/10.1016/j.marenvres.2016.05.012
https://doi.org/10.1002/gch2.201700048
https://doi.org/10.1016/j.scitotenv.2017.06.249

J. Quade et al.

Barnes, D.K.A., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments. <sb:contribution><sb:
title>Philos. Trans. R. Soc. Lond.</sb:title> </sb:contribution><sb:host><sb:
issue><sb:series><sb:title>Ser. B Biol. Sci.</sb:title></sb:series></sb:issue></
sb:host> 364, 1985-1998. https://doi.org/10.1098/rstb.2008.0205.

Barrick, A., Champeau, O., Chatel, A., Manier, N., Northcott, G., Tremblay, L.A., 2021.
Plastic additives: challenges in ecotox hazard assessment. PeerJ 9, e11300. https://
doi.org/10.7717/peerj.11300.

Beiras, R., Schonemann, A.M., 2020. Currently monitored microplastics pose negligible
ecological risk to the global ocean. Sci. Rep. 10, 22281. https://doi.org/10.1038/
541598-020-79304-z.

Beiras, R., Duran, L., Bellas, J., Sdnchez-Marin, P., 2012. Biological Effects of
Contaminants: Paracentrotus lividus Sea Urchin Embryo Test With Marine Sediment
Elutriates. International Council for the Exploration of the Sea (ICES), Copenhagen,
Denmark https://repository.oceanbestpractices.org/handle/11329/705.

Beiras, R., Bellas, J., Cachot, J., Cormier, B., Cousin, X., Engwall, M., Gambardella, C.,
Garaventa, F., Keiter, S., Le Bihanic, F., Lopez-Ibéanez, S., Piazza, V., Rial, D., Tato, T.,
Vidal-Lindn, L., 2018. Ingestion and contact with polyethylene microplastics does
not cause acute toxicity on marine zooplankton. J. Hazard. Mater. 360, 452-460.
https://doi.org/10.1016/j.jhazmat.2018.07.101.

Beiras, R., Tato, T., Lopez-Ibanez, S., 2019. A 2-tier standard method to test the toxicity
of microplastics in marine water using Paracentrotus lividus and Acartia clausi
larvae. Environ. Toxicol. Chem. 38, 630-637. https://doi.org/10.1002/etc.4326.

Beiras, R., Verdejo, E., Campoy-Lopez, P., Vidal-Lindn, L., 2021. Aquatic toxicity of
chemically defined microplastics can be explained by functional additives.

J. Hazard. Mater. 406, 124338 https://doi.org/10.1016/j.jhazmat.2020.124338.

Bejgarn, S., MacLeod, M., Bogdal, C., Breitholtz, M., 2015. Toxicity of leachate from
weathering plastics: an exploratory screening study with Nitocra spinipes.
Chemosphere 132, 114-119. https://doi.org/10.1016/j.chemosphere.2015.03.010.

Beltrdn-Sanahuja, A., Casado-Coy, N., Simé-Cabrera, L., Sanz-Lazaro, C., 2020.
Monitoring polymer degradation under different conditions in the marine
environment. Environ. <font color="#716666">Pollut.</font> (Barking, Essex:
1987) 259, 113836. https://doi.org/10.1016/j.envpol.2019.113836.

Bhattacharjee, S., Ershov, D., Islam, M.A., Kdmpfer, A.M., Maslowska, K.A., van der
Gucht, J., Alink, G.M., Marcelis, A.T.M., Zuilhof, H., Rietjens, .M.C.M., 2014. Role of
membrane disturbance and oxidative stress in the mode of action underlying the
toxicity of differently charged polystyrene nanoparticles. RSC Adv. 4, 19321-19330.
https://doi.org/10.1039/C3RA46869K.

Briassoulis, D., 2005. The effects of tensile stress and the agrochemical Vapam on the
ageing of low density polyethylene (LDPE) agricultural films. Part . Mechanical
behaviour. Polym. Degrad. Stab. 88, 489-503. https://doi.org/10.1016/j.
polymdegradstab. 2004.11.021.

Briassoulis, D., Pikasi, A., Briassoulis, C., Mistriotis, A., 2019. Disintegration behaviour of
bio-based plastics in coastal zone marine environments: a field experiment under
natural conditions. Sci. Total Environ. 688, 208-223. https://doi.org/10.1016/j.
scitotenv.2019.06.129.

Campani, T., Casini, S., Caliani, I., Pretti, C., Fossi, M.C., 2020. Ecotoxicological
investigation in three model species exposed to elutriates of marine sediments
inoculated with bioplastics. Front. Mar. Sci. 7, 229. https://doi.org/10.3389/
fmars.2020.00229.

Cormier, B., Gambardella, C., Tato, T., Perdriat, Q., Costa, E., Veclin, C., Le Bihanic, F.,
Grassl, B., Dubocq, F., Karrman, A., van Arkel, K., Lemoine, S., Lagarde, F., Morin, B.,
Garaventa, F., Faimali, M., Cousin, X., Bégout, M.-L., Beiras, R., Cachot, J., 2021.
Chemicals sorbed to environmental microplastics are toxic to early life stages of
aquatic organisms. Ecotoxicol. Environ. Saf. 208, 111665 https://doi.org/10.1016/].
ecoenv.2020.111665.

Coyle, R., Hardiman, G., Driscoll, K.O., 2020. Microplastics in the marine environment: a
review of their sources, distribution processes, uptake and exchange in ecosystems.
Case Stud.Chem.Environ.Eng. 2, 100010 https://doi.org/10.1016/j.
cscee.2020.100010.

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J.I, Irigoien, X., Ubeda, B., Hernandez-
Leodn, S., Palma, A.T., Navarro, S., Garcia-de-Lomas, J., Ruiz, A., Fernandez-de-
Puelles, M.L., Duarte, C.M., 2014. Plastic debris in the open ocean. Proc. Natl. Acad.
Sci. 111, 10239-10244. https://doi.org/10.1073/pnas.1314705111.

de Tender, C.A., Devriese, L.I.,, Haegeman, A., Maes, S., Ruttink, T., Dawyndt, P., 2015.
Bacterial community profiling of plastic litter in the Belgian part of the North Sea.
Environ.Sci.Technol. 49, 9629-9638. https://doi.org/10.1021/acs.est.5b01093.

Della Torre, C., Bergami, E., Salvati, A., Faleri, C., Cirino, P., Dawson, K.A., Corsi, L.,
2014. Accumulation and embryotoxicity of polystyrene nanoparticles at early stage
of development of sea urchin embryos Paracentrotus lividus. Environ. Sci. Technol.
48, 12302-12311. https://doi.org/10.1021/es502569w.

Deroiné, M., Le Duigou, A., Corre, Y.-M., Le Gac, P.-Y., Davies, P., César, G., Bruzaud, S.,
2014a. Accelerated ageing of polylactide in aqueous environments: comparative
study between distilled water and seawater. Polym. Degrad. Stab. 108, 319-329.
https://doi.org/10.1016/j.polymdegradstab. 2014.01.020.

Deroiné, M., Le Duigou, A., Corre, Y.-M., Le Gac, P.-Y., Davies, P., César, G., Bruzaud, S.,
2014b. Seawater accelerated ageing of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate). Polym. Degrad. Stab. 105, 237-247. https://doi.org/10.1016/].
polymdegradstab. 2014.04.026.

Derraik, J.G., 2002. The pollution of the marine environment by plastic debris: a review.
Mar. Pollut. Bull. 44, 842-852. https://doi.org/10.1016/50025-326X(02)00220-5.

Emadian, S.M., Onay, T.T., Demirel, B., 2017. Biodegradation of bioplastics in natural
environments. <sb:title><sb:maintitle check="true">Waste Manag. (New York,</
sb:maintitle></sb:title>N.Y.) 59, 526-536. https://doi.org/10.1016/].
wasman.2016.10.006.

Marine Pollution Bulletin 179 (2022) 113673

Eyerer, P., Elsner, P., Hirth, T., 2005. Die Kunststoffe und ihre Eigenschaften, 1st ed.
Springer-Verlag, s.l. 1633 pp.

Farrell, E.K., Merkler, D.J., 2008. Biosynthesis, degradation and pharmacological
importance of the fatty acid amides. Drug Discov. Today 13, 558-568. https://doi.
org/10.1016/j.drudis.2008.02.006.

Fazey, F.M.C,, Ryan, P.G., 2016. Biofouling on buoyant marine plastics: an experimental
study into the effect of size on surface longevity. Environ. Pollut. (Barking, Essex:
1987) 210, 354-360. https://doi.org/10.1016/j.envpol.2016.01.026.

Gacutan, J., Johnston, E.L., Tait, H., Smith, W., Clark, G.F., 2022. Continental patterns in
marine debris revealed by a decade of citizen science. Sci. Total Environ. 807,
150742 https://doi.org/10.1016/j.scitotenv.2021.150742.

Gambardella, C., Aluigi, M.G., Ferrando, S., Gallus, L., Ramoino, P., Gatti, A.M.,
Rottigni, M., Falugi, C., 2013. Developmental abnormalities and changes in
cholinesterase activity in sea urchin embryos and larvae from sperm exposed to
engineered nanoparticles. Aquat.Toxicol.(Amst.Nether.) 130-131, 77-85. https://
doi.org/10.1016/j.aquatox.2012.12.025.

Garcia-Garcia, A., Garcia-Gil, S., Vilas, F., 2004. Echo characters and recent sedimentary
processes as indicated by high-resolution sub-bottom profiling in Ra de Vigo (NW
Spain). Geo-Mar. Lett. 24, 32-45. https://doi.org/10.1007/500367-003-0156-8.

Gewert, B., Plassmann, M.M., MacLeod, M., 2015. Pathways for degradation of plastic
polymers floating in the marine environment. Environ.Sci.Process.Impacts 17,
1513-1521. https://doi.org/10.1039/C5EM00207A.

Gewert, B., Plassmann, M., Sandblom, O., MacLeod, M., 2018. Identification of chain
scission products released to water by plastic exposed to ultraviolet light. Environ.
Sci. Technol. Lett. 5, 272-276. https://doi.org/10.1021/acs.estlett.8b00119.

Gewert, B., MacLeod, M., Breitholtz, M., 2021. Variability in toxicity of plastic leachates
as a function of weathering and polymer type: a screening study with the copepod
Nitocra spinipes. Biol. Bull. 240, 191-199. https://doi.org/10.1086/714506.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever
made. Sci. Adv. 3, e1700782 https://doi.org/10.1126/sciadv.1700782.

Gonzalez-Pleiter, M., Tamayo-Belda, M., Pulido-Reyes, G., Amariei, G., Leganés, F.,
Rosal, R., Fernandez-Pinas, F., 2019. Secondary nanoplastics released from a
biodegradable microplastic severely impact freshwater environments. Environ. Sci.:
Nano 6, 1382-1392. https://doi.org/10.1039/C8EN01427B.

Hansen, E., Nilsson, N., Slot, K., 2014. Hazardous Substances in Plastics. The Danish
Environmental Protection Agency.

Harrison, J.P., Boardman, C., O'Callaghan, K., Delort, A.-M., Song, J., 2018.
Biodegradability standards for carrier bags and plastic films in aquatic
environments: a critical review. R. Soc. Open Sci. 5, 171792 https://doi.org/
10.1098/rs0s.171792.

Howell, E.A., Bograd, S.J., Morishige, C., Seki, M.P., Polovina, J.J., 2012. On North
Pacific circulation and associated marine debris concentration. Mar. Pollut. Bull. 65,
16-22. https://doi.org/10.1016/j.marpolbul.2011.04.034.

International Organization for Standardization, 2005. 14256-2:2005: soil quality —
determination of nitrate, nitrite and ammonium in field-moist soils by extraction
with potassium chloride solution — part 2: automated method with segmented flow
analysis. ISO copyright office, Geneva 13.080.10 Chemical characteristics of soils.
https://www.iso.org/standard/32399.html.

International Organization for Standardization, 2018. 15314:2018: plastics - methods for
marine exposure. ISO copyright office, Geneva 83.080.01 Plastics in general.
https://www.iso.org/standard/74668.html. (Accessed 22 June 2021).

International Organization for Standardization, 2020. 22766:2020: plastics —
determination of the degree of disintegration of plastic materials in marine habitats
under real field conditions. ISO copyright office, Geneva 83.080.01 Plastics in
general. https://www.iso.org/standard/73856.html. (Accessed 22 June 2021).

Jahnke, A., Arp, H.P.H., Escher, B.I., Gewert, B., Gorokhova, E., Kiihnel, D.,
Ogonowski, M., Potthoff, A., Rummel, C., Schmitt-Jansen, M., Toorman, E.,
MacLeod, M., 2017. Reducing uncertainty and confronting ignorance about the
possible impacts of weathering plastic in the marine environment. Environ. Sci.
Technol. Lett. 4, 85-90. https://doi.org/10.1021/acs.estlett.7b00008.

Krzan, A., Hemjinda, S., Miertus, S., Corti, A., Chiellini, E., 2006. Standardization and
certification in the area of environmentally degradable plastics. Polym. Degrad. Stab.
91, 2819-2833. https://doi.org/10.1016/j.polymdegradstab. 2006.04.034.

Krzywinski, M., Altman, N., 2017. Classification and regression trees. Nat. Methods 14,
757-758. https://doi.org/10.1038/nmeth.4370.

Lambert, S., Wagner, M., 2016. Formation of microscopic particles during the
degradation of different polymers. Chemosphere 161, 510-517. https://doi.org/
10.1016/j.chemosphere.2016.07.042.

Law, K.L., Morét-Ferguson, S.E., Goodwin, D.S., Zettler, E.R., DeForce, E., Kukulka, T.,
Proskurowski, G., 2014. Distribution of surface plastic debris in the eastern Pacific
Ocean from an 11-year data set. Environ.Sci.Technol. 48, 4732-4738. https://doi.
org/10.1021/es4053076.

Lebreton, L., Slat, B., Ferrari, F., Sainte-Rose, B., Aitken, J., Marthouse, R., Hajbane, S.,
Cunsolo, S., Schwarz, A., Levivier, A., Noble, K., Debeljak, P., Maral, H., Schoeneich-
Argent, R., Brambini, R., Reisser, J., 2018. Evidence that the Great Pacific Garbage
Patch is rapidly accumulating plastic. Sci. Rep. 8, 4666. https://doi.org/10.1038/
541598-018-22939-w.

Loh, W.-Y., 2011. Classification and regression trees. WIREs Data Mining Knowl. Discov.
1, 14-23. https://doi.org/10.1002/widm.8.

Lorenzo, J., Nieto, O., Beiras, R., 2002. Effect of humic acids on speciation and toxicity of
copper to Paracentrotus lividus larvae in seawater. Aquat.Toxicol.(Amst.Nether.) 58,
27-41. https://doi.org/10.1016/50166-445x(01)00219-3.

Lott, C., Eich, A., Unger, B., Makarow, D., Battagliarin, G., Schlegel, K., Lasut, M.T.,
Weber, M., 2020. Field and mesocosm methods to test biodegradable plastic film
under marine conditions. PLoS ONE 15, e0236579. https://doi.org/10.1371/
journal.pone.0236579.


https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.7717/peerj.11300
https://doi.org/10.7717/peerj.11300
https://doi.org/10.1038/s41598-020-79304-z
https://doi.org/10.1038/s41598-020-79304-z
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200912019152
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200912019152
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200912019152
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200912019152
https://doi.org/10.1016/j.jhazmat.2018.07.101
https://doi.org/10.1002/etc.4326
https://doi.org/10.1016/j.jhazmat.2020.124338
https://doi.org/10.1016/j.chemosphere.2015.03.010
https://doi.org/10.1016/j.envpol.2019.113836
https://doi.org/10.1039/C3RA46869K
https://doi.org/10.1016/j.polymdegradstab. 2004.11.021
https://doi.org/10.1016/j.polymdegradstab. 2004.11.021
https://doi.org/10.1016/j.scitotenv.2019.06.129
https://doi.org/10.1016/j.scitotenv.2019.06.129
https://doi.org/10.3389/fmars.2020.00229
https://doi.org/10.3389/fmars.2020.00229
https://doi.org/10.1016/j.ecoenv.2020.111665
https://doi.org/10.1016/j.ecoenv.2020.111665
https://doi.org/10.1016/j.cscee.2020.100010
https://doi.org/10.1016/j.cscee.2020.100010
https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1021/acs.est.5b01093
https://doi.org/10.1021/es502569w
https://doi.org/10.1016/j.polymdegradstab. 2014.01.020
https://doi.org/10.1016/j.polymdegradstab. 2014.04.026
https://doi.org/10.1016/j.polymdegradstab. 2014.04.026
https://doi.org/10.1016/S0025-326X(02)00220-5
https://doi.org/10.1016/j.wasman.2016.10.006
https://doi.org/10.1016/j.wasman.2016.10.006
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200918418300
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200918418300
https://doi.org/10.1016/j.drudis.2008.02.006
https://doi.org/10.1016/j.drudis.2008.02.006
https://doi.org/10.1016/j.envpol.2016.01.026
https://doi.org/10.1016/j.scitotenv.2021.150742
https://doi.org/10.1016/j.aquatox.2012.12.025
https://doi.org/10.1016/j.aquatox.2012.12.025
https://doi.org/10.1007/s00367-003-0156-8
https://doi.org/10.1039/C5EM00207A
https://doi.org/10.1021/acs.estlett.8b00119
https://doi.org/10.1086/714506
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1039/C8EN01427B
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200919346149
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200919346149
https://doi.org/10.1098/rsos.171792
https://doi.org/10.1098/rsos.171792
https://doi.org/10.1016/j.marpolbul.2011.04.034
https://www.iso.org/standard/32399.html
https://www.iso.org/standard/74668.html
https://www.iso.org/standard/73856.html
https://doi.org/10.1021/acs.estlett.7b00008
https://doi.org/10.1016/j.polymdegradstab. 2006.04.034
https://doi.org/10.1038/nmeth.4370
https://doi.org/10.1016/j.chemosphere.2016.07.042
https://doi.org/10.1016/j.chemosphere.2016.07.042
https://doi.org/10.1021/es4053076
https://doi.org/10.1021/es4053076
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1002/widm.8
https://doi.org/10.1016/s0166-445x(01)00219-3
https://doi.org/10.1371/journal.pone.0236579
https://doi.org/10.1371/journal.pone.0236579

J. Quade et al.

Lott, C., Eich, A., Makarow, D., Unger, B., van Eekert, M., Schuman, E., Reinach, M.S.,
Lasut, M.T., Weber, M., 2021. Half-life of biodegradable plastics in the marine
environment depends on material, habitat, and climate zone. Front. Mar. Sci. 8
(662074), 426. https://doi.org/10.3389/fmars.2021.662074.

Lucas, N., Bienaime, C., Belloy, C., Queneudec, M., Silvestre, F., Nava-Saucedo, J.-E.,
2008. Polymer biodegradation: mechanisms and estimation techniques.
Chemosphere 73, 429-442. https://doi.org/10.1016/j.chemosphere.2008.06.064.

Macdonald, D.D., Carr, R.S., Calder, F.D., Long, E.R., Ingersoll, C.G., 1996. Development
and evaluation of sediment quality guidelines for Florida coastal waters.
Ecotoxicology 5, 253-278. https://doi.org/10.1007/BF00118995.

Masry, M., Rossignol, S., Gardette, J.-L., Therias, S., Bussiére, P.-O., Wong-Wah-
Chung, P., 2021. Characteristics, fate, and impact of marine plastic debris exposed to
sunlight: a review. Mar. Pollut. Bull. 171, 112701 https://doi.org/10.1016/j.
marpolbul.2021.112701.

McDonald, G.R., Hudson, A.L., Dunn, S.M.J., You, H., Baker, G.B., Whittal, R.M.,
Martin, J.W., Jha, A., Edmondson, D.E., Holt, A., 2008. Bioactive contaminants leach
from disposable laboratory plasticware. Science 322, 917. https://doi.org/10.1126/
science.1162395.

Moore, C.J., 2008. Synthetic polymers in the marine environment: a rapidly increasing,
long-term threat. Environ. Res. 108, 131-139. https://doi.org/10.1016/j.
envres.2008.07.025.

Moore, C.J., Lattin, G.L., Zellers, A.F., 2005. Working our way upstream: a snapshot of
land based contributions of plastic and other trash to coastal waters and beaches of
Southern California.

Napper, LE., Thompson, R.C., 2019. Environmental deterioration of biodegradable, oxo-
biodegradable, compostable, and conventional plastic carrier bags in the sea, soil,
and open-air over a 3-year period. Environ.Sci.Technol. 53, 4775-4783. https://doi.
org/10.1021/acs.est.8b06984.

Nazareth, M., Marques, M.R.C., Leite, M.C.A., Castro, 1.B., 2019. Commercial plastics
claiming biodegradable status: is this also accurate for marine environments?

J. Hazard. Mater. 366, 714-722. https://doi.org/10.1016/j.jhazmat.2018.12.052.
Oberbeckmann, S., Loeder, M.G.J., Gerdts, G., Osborn, A.M., 2014. Spatial and seasonal
variation in diversity and structure of microbial biofilms on marine plastics in
northern European waters. FEMS Microbiol. Ecol. 90, 478-492. https://doi.org/

10.1111/1574-6941.12400.

O'Brine, T., Thompson, R.C., 2010. Degradation of plastic carrier bags in the marine
environment. Mar. Pollut. Bull. 60, 2279-2283. https://doi.org/10.1016/j.
marpolbul.2010.08.005.

Oliviero, M., Tato, T., Schiavo, S., Fernandez, V., Manzo, S., Beiras, R., 2019. Leachates
of micronized plastic toys provoke embryotoxic effects upon sea urchin
Paracentrotus lividus. Environ. Pollut. (Barking, Essex: 1987) 247, 706-715. https://
doi.org/10.1016/j.envpol.2019.01.098.

Ouyang, Z., Yang, Y., Zhang, C., Zhu, S., Qin, L., Wang, W., He, D., Zhou, Y., Luo, H.,
Qin, F., 2021. Recent advances in photocatalytic degradation of plastics and plastic-
derived chemicals. J. Mater. Chem. A 9, 13402-13441. https://doi.org/10.1039/
DOTA12465F.

Pajares, S., Ramos, R., 2019. Processes and microorganisms involved in the marine
nitrogen cycle: knowledge and gaps. Front. Mar. Sci. 6 (739), 739. https://doi.org/
10.3389/fmars.2019.00739.

Peng, G., Bellerby, R., Zhang, F., Sun, X., Li, D., 2020. The ocean's ultimate trashcan:
Hadal trenches as major depositories for plastic pollution. Water Res. 168, 115121
https://doi.org/10.1016/j.watres.2019.115121.

Pinsino, A., Bergami, E., Della Torre, C., Vannuccini, M.L., Addis, P., Secci, M.,
Dawson, K.A., Matranga, V., Corsi, L., 2017. Amino-modified polystyrene
nanoparticles affect signalling pathways of the sea urchin (Paracentrotus lividus)
embryos. Nanotoxicology 11, 201-209. https://doi.org/10.1080/
17435390.2017.1279360.

Portman, M.E., Brennan, R.E., 2017. Marine litter from beach-based sources: case study
of an Eastern Mediterranean coastal town. <sb:title><sb:maintitle
check="true">Waste Manag. (New York,</sb:maintitle></sb:title>N.Y.) 69,
535-544. https://doi.org/10.1016/j.wasman.2017.07.040.

Rénby, B., 1989. Photodegradation and photo-oxidation of synthetic polymers. J. Anal.
Appl. Pyrolysis 15, 237-247. https://doi.org/10.1016/0165-2370(89)85037-5.
Rummel, C.D., Schafer, H., Jahnke, A., Arp, H.P.H., Schmitt-Jansen, M., 2022. Effects of

leachates from UV-weathered microplastic on the microalgae Scenedesmus
vacuolatus. Anal. Bioanal. Chem. 414, 1469-1479. https://doi.org/10.1007/
s00216-021-03798-3.

Marine Pollution Bulletin 179 (2022) 113673

Schlining, K., von Thun, S., Kuhnz, L., Schlining, B., Lundsten, L., Jacobsen Stout, N.,
Chaney, L., Connor, J., 2013. Debris in the deep: using a 22-year video annotation
database to survey marine litter in Monterey canyon, central California, USA. Deep-
Sea Res. I Oceanogr. Res. Pap. 79, 96-105. https://doi.org/10.1016/j.
dsr.2013.05.006.

Sekiguchi, T., Saika, A., Nomura, K., Watanabe, T., Watanabe, T., Fujimoto, Y.,

Enoki, M., Sato, T., Kato, C., Kanehiro, H., 2011a. Biodegradation of aliphatic
polyesters soaked in deep seawaters and isolation of poly(e-caprolactone)-degrading
bacteria. Polym. Degrad. Stab. 96, 1397-1403. https://doi.org/10.1016/j.
polymdegradstab. 2011.03.004.

Sekiguchi, T., Sato, T., Enoki, M., Kanehiro, H., Uematsu, K., Kato, C., 2011b. Isolation
and characterization of biodegradable plastic degrading bacteria from deep-sea
environments. JAMSTEC-R 11, 33-41. https://doi.org/10.5918/jamstecr.11.33.

Selvam, K., Xavier, K.A.M., Shivakrishna, A., Bhutia, T.P., Kamat, S., Shenoy, L., 2021.
Abundance, composition and sources of marine debris trawled-up in the fishing
grounds along the north-east Arabian coast. Sci. Total Environ. 751, 141771 https://
doi.org/10.1016/j.scitotenv.2020.141771.

Shah, A.A., Hasan, F., Hameed, A., Ahmed, S., 2008. Biological degradation of plastics: a
comprehensive review. Biotechnol. Adv. 26, 246-265. https://doi.org/10.1016/j.
biotechadv.2007.12.005.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Jung, S.W., Shim, W.J., 2017. Combined
effects of UV exposure duration and mechanical abrasion on microplastic
fragmentation by polymer type. Environ. Sci. Technol. 51, 4368-4376. https://doi.
org/10.1021/acs.est.6b06155.

Stapleton, P.A., 2019. Toxicological considerations of nano-sized plastics. AIMS Environ.
Sci. 6, 367-378. https://doi.org/10.3934/environsci.2019.5.367.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M., Watanuki, Y., 2013.
Accumulation of plastic-derived chemicals in tissues of seabirds ingesting marine
plastics. Mar. Pollut. Bull. 69, 219-222. https://doi.org/10.1016/j.
marpolbul.2012.12.010.

Thellen, C., Coyne, M., Froio, D., Auerbach, M., Wirsen, C., Ratto, J.A., 2008.

A processing, characterization and marine biodegradation study of melt-extruded
polyhydroxyalkanoate (PHA) films. J. Polym. Environ. 16, 1-11. https://doi.org/
10.1007/5s10924-008-0079-6.

Tosin, M., Weber, M., Siotto, M., Lott, C., Degli Innocenti, F., 2012. Laboratory test
methods to determine the degradation of plastics in marine environmental
conditions. Front. Microbiol. 3, 225. https://doi.org/10.3389/fmicb.2012.00225.

Town, R.M., van Leeuwen, H.P., 2020. Uptake and release kinetics of organic
contaminants associated with micro- and nanoplastic particles. Environ.Sci.Technol.
54, 10057-10067. https://doi.org/10.1021/acs.est.0c02297.

Trujillo, A.P., 2017. Essentials of Oceanography. Pearson, Boston, 597 pp.

Viera, J.S., Marques, M.R., Nazareth, M.C., Jimenez, P.C., Sanz-Lazaro, C., Castro, I'AB.,
2021. Are biodegradable plastics an environmental rip off? J. Hazard. Mater. 416,
125957 https://doi.org/10.1016/j.jhazmat.2021.125957.

Volova, T.G., Boyandin, A.N., Vasil'ev, A.D., Karpov, V.A., Kozhevnikov, L.V.,
Prudnikova, S.V., Rudnev, V.P., Xuan, B.B., Ding, V.V., Gitel'zon, LI, 2011.
Biodegradation of polyhydroxyalkanoates (PHAs) in the South China Sea and
identification of PHA-degrading bacteria. Microbiology 80, 252-260. https://doi.
org/10.1134/50026261711020184.

Weinstein, J.E., Dekle, J.L., Leads, R.R., Hunter, R.A., 2020. Degradation of bio-based
and biodegradable plastics in a salt marsh habitat: another potential source of
microplastics in coastal waters. Mar. Pollut. Bull. 160, 111518 https://doi.org/
10.1016/j.marpolbul.2020.111518.

Wentworth, C.K., 1922. A scale of grade and class terms for clastic sediments. J.Geol. 30,
377-392.

White, J.R., Turnbull, A., 1994. Weathering of polymers: mechanisms of degradation and
stabilization, testing strategies and modelling. J. Mater. Sci. 29, 584-613. https://
doi.org/10.1007/BF00445969.

Witt, U., Einig, T., Yamamoto, M., Kleeberg, 1., Deckwer, W.-D., Miiller, R.-J., 2001.
Biodegradation of aliphatic-aromatic copolyesters: evaluation of the final
biodegradability and ecotoxicological impact of degradation intermediates.
Chemosphere 44, 289-299. https://doi.org/10.1016/50045-6535(00)00162-4.

Yamashita, R., Tanimura, A., 2007. Floating plastic in the Kuroshio Current area, western
North Pacific Ocean. Mar. Pollut. Bull. 54, 485-488. https://doi.org/10.1016/].
marpolbul.2006.11.012.


https://doi.org/10.3389/fmars.2021.662074
https://doi.org/10.1016/j.chemosphere.2008.06.064
https://doi.org/10.1007/BF00118995
https://doi.org/10.1016/j.marpolbul.2021.112701
https://doi.org/10.1016/j.marpolbul.2021.112701
https://doi.org/10.1126/science.1162395
https://doi.org/10.1126/science.1162395
https://doi.org/10.1016/j.envres.2008.07.025
https://doi.org/10.1016/j.envres.2008.07.025
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200921175137
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200921175137
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200921175137
https://doi.org/10.1021/acs.est.8b06984
https://doi.org/10.1021/acs.est.8b06984
https://doi.org/10.1016/j.jhazmat.2018.12.052
https://doi.org/10.1111/1574-6941.12409
https://doi.org/10.1111/1574-6941.12409
https://doi.org/10.1016/j.marpolbul.2010.08.005
https://doi.org/10.1016/j.marpolbul.2010.08.005
https://doi.org/10.1016/j.envpol.2019.01.098
https://doi.org/10.1016/j.envpol.2019.01.098
https://doi.org/10.1039/D0TA12465F
https://doi.org/10.1039/D0TA12465F
https://doi.org/10.3389/fmars.2019.00739
https://doi.org/10.3389/fmars.2019.00739
https://doi.org/10.1016/j.watres.2019.115121
https://doi.org/10.1080/17435390.2017.1279360
https://doi.org/10.1080/17435390.2017.1279360
https://doi.org/10.1016/j.wasman.2017.07.040
https://doi.org/10.1016/0165-2370(89)85037-5
https://doi.org/10.1007/s00216-021-03798-3
https://doi.org/10.1007/s00216-021-03798-3
https://doi.org/10.1016/j.dsr.2013.05.006
https://doi.org/10.1016/j.dsr.2013.05.006
https://doi.org/10.1016/j.polymdegradstab. 2011.03.004
https://doi.org/10.1016/j.polymdegradstab. 2011.03.004
https://doi.org/10.5918/jamstecr.11.33
https://doi.org/10.1016/j.scitotenv.2020.141771
https://doi.org/10.1016/j.scitotenv.2020.141771
https://doi.org/10.1016/j.biotechadv.2007.12.005
https://doi.org/10.1016/j.biotechadv.2007.12.005
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.1021/acs.est.6b06155
https://doi.org/10.3934/environsci.2019.5.367
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1016/j.marpolbul.2012.12.010
https://doi.org/10.1007/s10924-008-0079-6
https://doi.org/10.1007/s10924-008-0079-6
https://doi.org/10.3389/fmicb.2012.00225
https://doi.org/10.1021/acs.est.0c02297
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200909219267
https://doi.org/10.1016/j.jhazmat.2021.125957
https://doi.org/10.1134/S0026261711020184
https://doi.org/10.1134/S0026261711020184
https://doi.org/10.1016/j.marpolbul.2020.111518
https://doi.org/10.1016/j.marpolbul.2020.111518
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200929095826
http://refhub.elsevier.com/S0025-326X(22)00355-1/rf202204200929095826
https://doi.org/10.1007/BF00445969
https://doi.org/10.1007/BF00445969
https://doi.org/10.1016/S0045-6535(00)00162-4
https://doi.org/10.1016/j.marpolbul.2006.11.012
https://doi.org/10.1016/j.marpolbul.2006.11.012

	Mesocosm trials reveal the potential toxic risk of degrading bioplastics to marine life
	1 Introduction
	2 Materials and methods
	2.1 Test materials
	2.2 Test system and settings
	2.2.1 Pelagic system
	2.2.2 Benthic system
	2.2.3 Littoral system

	2.3 Chemical analyses and characterization
	2.3.1 Water
	2.3.2 Sediment
	2.3.3 Weight

	2.4 Toxicity assays
	2.5 Statistical analyses

	3 Results
	3.1 Test system
	3.2 Water
	3.3 Sediment
	3.4 Plastic degradation
	3.5 Toxicity

	4 Discussion
	4.1 Test system
	4.2 Plastic degradation
	4.3 Exposure to UV light induces toxicity in the biopolymers

	5 Conclusions
	Funding Information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


