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Biodegradable plastics have been proposed as a potential solution to plastic pollution, as
they can be biodegraded into their elemental components by microbial action. However,
the degradation rate of biodegradable plastics is highly variable across environments,
leading to the potential for accumulation of plastic particles, chemical co-contaminants
and/or degradation products. This paper reviews the toxicological effects of biodegrad-
able plastics on species and ecosystems, and contextualises these impacts with those
previously reported for conventional polymers. While the impacts of biodegradable plas-
tics and their co-contaminants across levels of biological organisation are poorly
researched compared with conventional plastics, evidence suggests that individual-level
effects could be broadly similar. Where differences in the associated toxicity may arise is
due to the chemical structure of biodegradable polymers which should facilitate enzym-
atic depolymerisation and the utilisation of the polymer carbon by the microbial commu-
nity. The input of carbon can alter microbial composition, causing an enrichment of
carbon-degrading bacteria and fungi, which can have wider implications for carbon and
nitrogen dynamics. Furthermore, there is the potential for toxic degradation products to
form during biodegradation, however understanding the environmental concentration and
effects of degradation products are lacking. As global production of biodegradable poly-
mers continues to increase, further evaluation of their ecotoxicological effects on organ-
isms and ecosystem function are required.

Introduction
Over recent years, the widespread prevalence of plastics in the environment along with their associated
ecological impacts, have become a major focus of research and media coverage has raised public
awareness of these issues. Biodegradable plastics (Figure 1) have been proposed as one of the solutions
to the accumulation of plastics, as in theory these polymers can be converted by microbial action into
their elemental components (carbon dioxide, methane and microbial biomass) [1-3]. The global pro-
duction of biodegradable polymers has increased over the last two decades to reach ~1550 thousand
tonnes produced in 2021, and continued annual increases (by up to a 2.5-fold increase by 2026) are
projected [4]. Biodegradable polymers are used in a diverse range of applications from textiles, pack-
aging and consumer goods to agricultural and fisheries products [4-6], which can lead to their
leakage into the environment.
Currently data establishing the fate of biodegradable plastics in the environment and their asso-
ciated ecological impacts are sparse. In this mini-review recent literature is evaluated to consider the
Received: 29 July 2022 toxicological impacts of biodegradable plastics on aquatic and terrestrial species and ecosystems, and
Revised: 23 August 2022 are set within what has previously been published about the effects of conventional plastics. Based on
Accepted: 23 August 2022 available data, the potential hazard presented to organisms and ecosystems from biodegradable plas-
Version of Record published: tics, their associated chemicals and degradation products are critically evaluated, and the need for
7 September 2022 future research into these areas are highlighted.
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Figure 1. Schematic to illustrate the different categories of biodegradable and non-biodegradable, bio-based and
fossil-based polymers.
Adapted from European Bioplastics (2021).

Biodegradability as a systems property

The term ‘biodegradable plastic’ may give rise to misinterpretation, implying that all polymers contained
within this broad definition (e.g. polylactic acid (PLA), polybutylene adipate terephthalate (PBAT) or polybuty-
lene succinate (PBS)) are universally biodegradable across different ecosystems. Whether or not a plastic
product labelled as ‘biodegradable’ actually undergoes biodegradation will vary according to properties of the
plastic, and the specific abiotic and biotic conditions in the environment in which the plastic resides (Figure 2)
[2,7,8]. As such, biodegradability must be considered as a systems property, which is influenced by the interplay
between the specific material and the environmental conditions. PLA, for example, degrades in industrial facil-
ities (62 +4°C with >60% relative humidity) within weeks, yet lacks degradability in natural environments
where these conditions are not present [9,10]. Currently, standardised testing on which the biodegradability of
a product is demonstrated is undertaken in the laboratory where conditions do not replicate the wide diversity
of scenarios present in natural environments [3,11,12]. Research studies report highly variable deterioration
rates for biodegradable polymers across aquatic and terrestrial environments [13-16]. Consequently this can
lead to localised accumulation of plastic particles [17,18], as well as chemical additives or degradation products
(section 2.3), and the potential for interaction with organisms. If biodegradable plastics persist in the environ-
ment for a substantial time before biodegrading completely, it is likely that some of the risks of biodegradable
plastics will be similar to conventional plastics.

Ecological interaction and impacts of biodegradable

plastics

Microbial interactions

Conventional plastics have high stability and their chemical structures lack bonds that can be readily cleaved
through abiotic or enzymatic processes. By comparison, the carbon backbone of biodegradable polymers
contain functional groups that are enzymatically hydrolysable, which should facilitate enzymatic depolymerisa-
tion and utilisation of the polymer carbon by the microbial community. Microorganisms can rapidly colonise
man-made surfaces, such as plastic, in aquatic [19-22] and terrestrial ecosystems [23,24], with community
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Figure 2. Summary of the characteristics of the plastic and environmental which influence deterioration rate and
biodegradation.

The biodegradability of a plastic is a systems property, which is influenced by the interplay between the composition of the
material and the abiotic and biotic environmental conditions in which it resides.

composition differing from the ambient environment [21,22,25]. Within marine environments the plastic
biofilm can become enriched with hydrocarbonoclastic bacteria i.e. those capable of degrading hydrocarbons
[26]. The abundance of carbon-degrading, and in some cases sulfur-degrading, microorganisms present on bio-
degradable polymers, such as Polyhydroxyalkanoates (PHAs) and cellulose acetate, far exceed those on conven-
tional polymers [27-29]. Similar results were found in soil incubations, where communities on biodegradable
polymers were enriched in carbon-degrading bacteria and specific fungal groups, for example the phylum
Ascomycota which are important for the decomposition of organic matter and have been shown to degrade
PBAT [30].

The action of biodegradation and the mineralisation of plastics into their constituent molecules may lead to
a localised inputs and increases of organic carbon in the environmental compartment of concern. For example,
biodegradable agricultural mulch films have become widely used as an alternative to polyethylene (PE) films as
they offer the possibility of being ploughed into the soil after use where they are microbially degraded [4,6].
Although the carbon input is small compared with the volume of soil into which they are incorporated, agricul-
tural soils are usually carbon limited [18]. Studies demonstrate that microbial biomass and enzyme activity can
increase [31,32] and soil microbial community structure can alter [13,30,33] in response to the carbon input
from biodegradable mulch film use, for example through an enrichment of fungal groups [13,30,34]. Moreno
and Moreno [33] found that the microbial biomass carbon increased in biodegradable mulch treatments com-
pared with PE, which suggests that biodegradable plastics may influence soil carbon dynamics. It is not clear
what effects modifications of the microbiome by biodegradable plastics may have on the soil ecosystem and its
functioning, or how long these effects may persist.

In addition, there may be indirect effects associated with the use of biodegradable plastics in the environ-
ment. Using the example of agricultural mulches, the film acts as a barrier which alters the soil microclimate
by reducing evaporation, gas exchange and light transmission and increasing temperature [18,35]. The modified
conditions can result in greater nutrient availability for rhizosphere microorganisms [18,36,37]. While these
studies have focused on PE mulch films, it can be inferred that biodegradable films will have similar indirect
effects on microbial community structure and diversity. Within the marine environment, biodegradable plastics
bags were found to reduce the oxygen availability and increase the pH of the underlying sediment [38]. The
authors did not analyse microbial communities, however it can be suggested that there would be modification
in the assemblage in favour of facultative anaerobes.
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Individual and population-level effects

Exposure to micro- or nano- plastics can lead to effects at different levels of biological functioning [39,40]
(Figure 3). From an ecological risk assessment perspective, endpoints relating to population dynamics such as
adverse effects on survival, growth and reproduction are of most concern. Numerous laboratory studies have
documented individual and population-level effects such as altered feeding rates and reduced fecundity follow-
ing exposure to conventional plastics [41-43]. In addition, impacts on specific cells and organs such as oxida-
tive stress and modified metabolic demands [44-46] have also been reported. The disposition to toxicity will
depend on the exposure concentration (particle size distribution, particle number concentration, etc.) as well as
the ecological niche and chemical matrix (i.e. type of sediment, soil or water) where the organism lives. While
the thresholds for biological effects of plastics in the environment remain to be agreed, there is a concern for
the effects on biodiversity and community-level functions [47].

Nearly 14% of all biodegradable plastics produced in 2021 were used in agricultural applications (not includ-
ing associated packaging) [4]. These items, such as mulch films (primarily composed of PLA or PBAT), are
directly applied to the land and not recovered at the end of their life, as such there is high likelihood for inter-
action with terrestrial species. Toxicity with respect to earthworm reproduction were reported for fragments of
the two biodegradable polymers: PLA and polypropylene carbonate, and the non-biodegradable polymer PE
[48], whereby all polymers caused a similar decrease in the number of cocoons produced with increasing
plastic exposure. Exposure to PLA fragments has also been shown to reduce the biomass of earthworms [49],
and alter the burrowing behaviour of earthworms [50]. Similar effects have been documented for conventional
plastics whereby the survival, growth rate, metabolic processes and burrowing behaviour of worms have been
negatively affected [51-53]. It is hard to draw conclusions about the comparative effects of biodegradable and
conventional plastics on earthworms due to the differing concentrations, particles sizes and exposure times
used between the aforementioned studies. Earthworms are key ecosystem engineers with an important role in
maintaining soil health and the breakdown and recycling of organic matter [54,55], and provide a food source
to many higher trophic level species. Consequently, a reduction in earthworm population or their function may
have ramifications on the soil ecosystem as a whole [49,56].
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Figure 3. Simplified schematic illustrating potential impacts of exposure to biodegradable polymers across successive
levels of biological organisation (a). Effects induced by exposure to biodegradable polymers are presented in the boxes
(b) at the corresponding levels of biological organisation (where data are available), with citations in parentheses.
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Nanoplastics have been shown to enter plants primarily via the root tips [57-61], and can be transported to
the ariel parts of the plant [62,63]. The factors influencing uptake and the subsequent transport mechanisms
are not fully assessed and quantitative data are limited, which are required to evaluate wider environmental
impacts and potential risk to human health from crops. These studies have mainly used polystyrene (PS) nano-
plastics and evidence a range of effects; for example, significant reductions in growth (roots and stems) and
development (germination success) of mung beans [63], wheat [64], corn [65] and cress [66] following acute
exposure to nano-PS. Conversely, other studies report no observed effect of PS exposure on the germination
success for wheat [59], or on the growth or development of radish [65], which may be explained by methodo-
logical differences (exposure concentrations and duration) between studies.

Exposure to PLA microplastics (0.1% w/w) caused significant effects on the development and growth of per-
ennial ryegrass, where fewer seeds geminated and root length was supressed compared with control groups
[49]. A similar result was demonstrated for rice plants exposed to PBAT-based film fragments, where growth of
the roots and shoots were significantly impaired leading to reduced nitrogen metabolism and photosynthesis
[67]. The root system is essential for plant growth and development due to its role in the uptake of water and
nutrients; roots are sensitive to perturbations [68] which in turn can affect crop productivity. Numerous studies
have evidenced that microplastics (both conventional and biodegradable) have significant impacts on plant
growth, development and reproduction, and suggest that the effects may be more pronounced for biodegradable
polymers compared with PE [49,69,70], however further work is required to more comprehensively
evaluate this.

As with conventional plastic products, those made from biodegradable plastics also contain a range of chem-
ical additives such as flame retardants, stabilisers, and colourants, used to enhance their functionality or confer
desirable properties. Non-targeted chemical screening of biodegradable plastics (including PLA, PHA, PBAT
and starch and cellulose based materials) indicated that the materials broadly contained a similar number of
chemicals as conventional polymers [71-73] and induced similar toxicity in Allivibrio fischeri [71]. Other
studies have also attributed the toxicity of biodegradable and conventional polymers on the development of
cress seedlings [74] and on the suppression of reproduction in the solitary ascidian Microcosmus exasperates
[75], to the chemicals present within them. Both of the aforementioned studies found no significant differences
between materials (i.e. conventional or biodegradable) indicating that biodegradable plastics present a similar
hazard as conventional plastics to these organisms. However, a wider view is needed to evaluate the ecotoxico-
logical implications of biodegradable plastics on a range of species.

Impacts on ecosystem functioning

The individual and population effects of plastic pollution can cause implications on community structure and
ecosystem processes such as bioturbation, decomposition, primary production and carbon and nitrogen cycling
[50,77-81], which could ultimately induce a reduction of ecosystem functions and services. Despite the number
of studies assessing the impact of biodegradable plastics on ecosystems being low compared with conventional
plastics, there is increasing evidence of the potential effects that biodegradable plastics have at ecosystem scale.

Microparticles of biodegradable (PLA) and conventional plastics (PE and acrylic and polyamide clothing
fibres) caused reduced growth rates and bioturbation activity of earthworms (Aporrectodea rosea) independent
of the polymer type [49]. Marine worms, such as lugworms (Arenicola marina), have also been shown to have
reduced feeding activity and hence, a decrease in the volume of sediment overturned when exposed to different
concentrations or types of microplastics (i.e. biodegradable (PLA) or conventional (PE and PVC)) [80]. Similar
trends were reported for conventional plastics for both marine [44,82,83] and terrestrial species [51-53]. The
oxygenation of the sediment/soil and recycling of organic matter exert control over ecosystem services such as
nutrient cycling and primary productivity [84]. Thus, alterations to the behaviour of these invertebrates due to
exposure to microplastic implies reductions in nutrient availability and sediment/soil quality and stability,
which have consequences on primary producers and microbial communities.

Microplastic pollution can indirectly influence the performance of primary producers via the control of lim-
iting inorganic nutrient from sediments [79]. Green et al. [80] suggested that limited inorganic nutrient avail-
ability triggered a reduction in biomass of microalgae within the surface of marine sediments, which was
caused by the suppression of lugworm burrowing activity as a result of exposure to biodegradable and conven-
tional microplastics. Laboratory mesocosms illustrated reduced cyanobacteria biomass as a consequence of the
reduction in ammonium in sediment pore water, which was indirectly induced through the exposure of oysters
and mussels to PLA and HDPE microplastics [79]. Photosynthetic primary producers can be directly impacted
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by biodegradable and conventional polymers, causing a reduction in chlorophyll content and photosynthetic
inhibition in terrestrial [49], marine [79,80] and freshwater [85-87] species. A decrease in chlorophyll contents
in primary producers could suggest reduced photosynthetic efficiency [88], hence reduced primary production
of the system; with consequences for grazing invertebrate species.

Decreases in the biomass of primary producers may have cascading effects, where fewer resources are avail-
able for higher trophic levels [78]. Several studies document reduced rates of leaf litter decomposition by
macroinvertebrates in streams due to altered aquatic fungal and microbial communities after being exposed to
conventional nanoplastics [81,89,90]. While there are no records on how biodegradable plastics may affect leaf
litter decomposition, we could expect similar effects to conventional plastics due to the similarity of the eco-
toxicological effect that both types of plastics have at the individual level. However, it is important to note that
while biodegradable plastics are not persistent by design, they require specific conditions for biodegradation to
occur (e.g. PLA requires industrial composting conditions (62 +4°C, >60% relative humidity) [9]. Whether
ecosystem-level effects will have time to manifest at environmentally realistic (transient) concentrations is less
clear, and uncertain for the degradation products of those plastics (see section 2.4).

Impacts of exposure to chemical degradation products

From the viewpoint of the ecotoxicology, there is clear relationship between the bioenergetics of organisms and
population level events [91]. Thus, also their ability to deliver ecosystem services and functions (see sections
2.1-2.3). In essence, an organism spends its daily energy on physiological maintenance (i.e. keeping tissues
healthy), growth, reproduction, and/or locomotion. To survive in the long term, energy intake usually from
food (assimilation after the cost of digestion/absorption) should slightly exceed energy expenditure. Ideally,
wild animals will have a good metabolic reserve (aerobic metabolic scope) to deal with stressful situations, such
as having the necessary energy and locomotor ability for evading predators [92]. During chemical exposures,
the energy budget can be compromised and there may be a trade-off to meet the cost of toxicity and tissue
repair to enable survival. For sessile organisms, such as marine mussels, there may be a reduction in growth to
meet the cost of chemical exposure [93]. For active animals, such as a predatory rainbow trout, some two-thirds
of its daily energy budget may be spent on locomotion (i.e. foraging and other behaviours), and swimming
speed distributions are shifted to low speeds in order to meet the energetic cost of tissue repair (e.g. copper,
[94]). The consequences of bioenergetics events for ecosystem functions could be substantial. For example, the
disruption of prey-predator interactions in food webs or the social hierarchy of the animals [95], and even the
loss of an ecosystem service. For instance, damage to the skeletal muscle of earthworms to prevent locomotion
(e.g. carbon nanoparticles, [96]), would ultimately impact the ecosystem service of soil turnover. However, it is
not yet clear if the organic chemicals that are the degradation products of biodegradable plastics will affect the
bioenergetics of organisms and subsequently the ecosystem functions they provide.

For biodegradable polymers such as PBAT and PLA, the organic chemicals released during either their
chemical hydrolysis in the environment or microbial degradation are now being reported [97,98]. For PLA, the
main degradation product is lactic acid. According to the European Chemicals Agency (ECHA) database [99]
lactic acid is also identified as a ‘biocidal active substance.” Lactic acid is a substrate for fermentation in
microbes. However, ATP production by fermentation is well-known to be much less efficient than aerobic
metabolism, and bioenergetic consequences of excess lactic acid in the environment could include impaired
efficiency of energy production in some microbes, with consequent changes in microbial biodiversity in the
biofilms in the ecosystem. However, there are also specialist microbes that can routinely use lactic acid as a sub-
strate. Lactic acid bacteria (order: Lactobacillales) are widely founds in ecosystems with important roles in soil-
plant interactions, etc., [100] and lactic acid will promote their growth. These organisms subsequently produce
a range of organic acids that are biocides especially to fungi and other microbes [101]. Thus, the potential for
PLA to alter the biodiversity and functions of microbial biofilms is a concern. Ingestion of PLA also effects the
avoidance behaviour of earthworms [102], but effects on gut microbiomes are not yet reported.

Crucially, some biodegradable plastics will result in degradation products that have some toxicity. For
example, the biodegradation of PBAT results in the release of terephthalic acid (TPA) [98], which has an acute
oral toxicity to rodents (LD50) of ~5000 mg/kg [103]. Terephthalic acid may impair the germination of plant
seedling [104] and for esters of TPA the lethal toxicity for Daphnia magna is ~0.4 mg/1 [105], and so there are
ecological concerns regarding this metabolite of PBAT. However, the research on the degradation products
released from biodegradable plastics in ecological scenarios is still in early days, and in order to address the
environmental risks, a wider view is needed. This includes the types of degradation products, measured
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environmental concentrations of those organic chemicals, as well as a range of toxicity data from different
organisms to create species sensitivity distributions that may inform on biodiversity concerns. If the concentra-
tions and identity of the degradation products can be established, then it may be possible to use existing toxi-
cology databases to obtain information on hazards to organisms and bioaccumulation potential. However,
mesocosm experiments will be needed for more complex aspects of fate and effects in food webs, and ultim-
ately field studies with ecological surveys to identify ecosystem-level effects.

Conclusion

While biodegradable plastics are sometimes perceived as an ‘environmentally-friendly’ alternative to conven-
tional plastics [106,107], evidence shows that they have the capacity to exert similar toxic effects on animals
and plants as conventional plastics [48,73,80]. Individual-level effects may become amplified with levels of bio-
logical organisation, i.e. a reduction in an individual’s reproductive rate [48] or particular behaviours such as
bioturbation [80] can have ramifications on the population and on ecosystem functioning. Microbial biodegrad-
ation may limit the long-term environmental persistence of biodegradable plastics and consequently the hazard
posed to other organisms; however the rate of degradation is highly variable under natural conditions
[8,16,108]. Microbial biodegradation can make small contributions to changes in nutrient cycling in ecosystems,
however it is not clear how long these changes may persist or the scale of these effects on biogeochemical
cycles. Chemical degradation products may also present hazards, e.g. terephthalic acid as a metabolite of poly-
butylene adipate terephthalate (PBAT), but these have not been evaluated in terms of their environmental con-
centrations or toxicity to a range of organisms. Currently, there is insufficient data to evaluate the hazard posed
by biodegradable plastics, and thus uncertainty would remain high in any risk analysis.

Summary
e Biodegradable plastics induce effects at a range of ecological scales: from individual to
ecosystem-wide impacts.

e Toxic degradation products can arise during biodegradation; however, the effects of these are
not fully evaluated.

e Biodegradable plastics can alter carbon and nitrogen dynamic in soils and sediments, leading
to alterations in microbial community structure and diversity.

e Akin to conventional plastics, biodegradable plastics contain additives which can induce
toxicity.

e Currently, data on the exposure and effects of biodegradable plastics, including degradation
products and co-contaminants, is too sparse to conduct a reliable ecological risk
assessment.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

WC-J & R.H. were funded by the NERC Biodegradable Bioplastics - Assessing Environmental Risk
(BIO-PLASTIC-RISK) project NE/V007556/1. AMR was funded by Queen Mary University of London as part of
the mini-Centre for Doctoral Training in BlOdegradable Plastics as emerging Environmental Pollutants (BioPEP),
and by the EU INTERREG France (Channel) England project ‘Preventing Plastic Pollution’ co-financed by the
European Regional Development Fund.

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology 429

¥20Z AP Lg uo Jasn jayIsIaAIuN BxsIuNe L ssuewueq Aq Jpd-0G|00-2202-SHe/Z) L 0Y6/ETY/v/9/Ppd-ajone/10sayl|do)biaws/woo ssaidpuepod;/:dpy wouy pspeojumoq



430

PORTLAND

Emerging Topics in Life Sciences (2022) 6 423-433

PRESS https://doi.org/10.1042/ETLS20220015
Author Contribution
All authors contributed to all aspects of this publication.
Abbreviations
PBAT, polybutylene adipate terephthalate; PE, polyethylene; PLA, polylactic acid; PS, polystyrene; TPA,
terephthalic acid.
References
1 Vert, M., Doi, Y., Hellwich, K.-H., Hess, M., Hodge, P., Kubisa, P. et al. (2012) Terminology for biorelated polymers and applications (UPAC
recommendations 2012). Pure Appl. Chem. 84, 377-410 https://doi.org/10.1351/PAC-REC-10-12-04
2 SAPEA. (2020) Biodegradability of Plastics in the Open Environment, Science Advice for Policy by European Academies, Berlin
3 Haider, T.P., Volker, C., Kramm, J., Landfester, K. and Wurm, F.R. (2019) Plastics of the future? The impact of biodegradable polymers on the
environment and on society. Angew. Chem. Int. Ed. Engl. 58, 50—62 https://doi.org/10.1002/anie.201805766
4 European bioplastics. Bioplastics market development, update 2021, 2021
5 Yin, G.-Z and Yang, X.-M. (2020) Biodegradable polymers: a cure for the planet, but a long way to go. J. Polym. Res. 27, 38 https://doi.org/10.1007/
510965-020-2004-1
6 FAO. Assessment of agricultural plastics and their sustainability. A call to action. 2021
7 Zumstein, M.T., Schintimeister, A., Nelson, T.F., Baumgartner, R., Woebken, D., Wagner, M. et al. (2018) Biodegradation of synthetic polymers in soils:
Tracking carbon into CO2 and microbial biomass. Sci. Adv. 4, eaas9024 https://doi.org/10.1126/sciadv.aas9024
8 Lott, C., Eich, A., Makarow, D., Unger, B., van Eekert, M., Schuman, E. et al. (2021) Half-life of biodegradable plastics in the marine environment
depends on material, habitat, and climate zone. Front. Mar. Sci. 8. https://doi.org/10.3389/fmars.2021.662074
9  McKeown, P. and Jones, M.D. (2020) The chemical recycling of PLA: a review. Sustain. Chem. 1, 1-22 https://doi.org/10.3390/suschem1010001
10  Emadian, S.M., Onay, T.T. and Demirel, B. (2017) Biodegradation of bioplastics in natural environments. Waste Manag. 59, 526536 https://doi.org/10.
1016/j.wasman.2016.10.006
11 Beek, B. (2001) Biodegradation and Persistence, Springer Berlin, Heidelberg
12 Lott, C., Eich, A., Unger, B., Makarow, D., Battagliarin, G., Schlegel, K. et al. (2020) Field and mesocosm methods to test biodegradable plastic film
under marine conditions. PLoS ONE 15, €0236579 https://doi.org/10.1371/journal.pone.0236579
13 L, C., Moore-Kucera, J., Miles, C., Leonas, K., Lee, J., Corbin, A. et al. (2014) Degradation of potentially biodegradable plastic mulch films at three
diverse U.S. locations. Agroecol. Sustain. Food Syst. 38, 861-889 https://doi.org/10.1080/21683565.2014.884515
14 Sintim, HY., Bary, A.l., Hayes, D.G., Wadsworth, L.C., Anunciado, M.B., English, M.E. et al. (2020) In situ degradation of biodegradable plastic mulch
films in compost and agricultural soils. Sci. Total Environ. 727, 138668 https://doi.org/10.1016/j.scitotenv.2020.138668
15 Briassoulis, D., Pikasi, A., Briassoulis, C. and 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
16  Dilkes-Hoffman, L.S., Lant, P.A., Laycock, B. and Pratt, S. (2019) The rate of biodegradation of PHA bioplastics in the marine environment: A
meta-study. Mar. Pollut. Bull. 142, 15-24 https://doi.org/10.1016/j.marpolbul.2019.03.020
17 Miles, C., DeVetter, L., Ghimire, S. and Hayes, D.G. (2017) Suitability of biodegradable plastic mulches for organic and sustainable agricultural
production systems. HortScience 52, 10—15 https://doi.org/10.21273/HORTSCI11249-16
18  Bandopadhyay, S., Martin-Closas, L., Pelacho, A.M. and DeBruyn, J.M. (2018) Biodegradable plastic mulch films: impacts on soil microbial communities
and ecosystem functions. Front, Microbiol. 9, 819 https://doi.org/10.3389/fmicb.2018.00819
19  Lobelle, D. and Cunliffe, M. (2011) Early microbial biofilm formation on marine plastic debris. Mar. Pollut, Bull. 62, 197200 https://doi.org/10.1016/j.
marpolbul.2010.10.013
20  Emi-Cassola, G., Wright, R.J., Gibson, M.I. and Christie-Oleza, J.A. (2020) Early colonization of weathered polyethylene by distinct bacteria in marine
coastal seawater. Microb. Ecol. 79, 517-526 https://doi.org/10.1007/500248-019-01424-5
21 Harrison, J.P., Schratzberger, M., Sapp, M. and Osborn, A.M. (2014) Rapid bacterial colonization of low-density polyethylene microplastics in coastal
sediment microcosms. BMC Microbiol. 14, 232 https://doi.org/10.1186/s12866-014-0232-4
22  Miao, L., Wang, P., Hou, J., Yao, Y., Liu, Z,, Liu, S. et al. (2019) Distinct community structure and microbial functions of biofilms colonizing
microplastics. Sci. Total Environ. 650, 2395-2402 https://doi.org/10.1016/j.scitotenv.2018.09.378
23 Bandopadhyay, S., Liquet, Y.G.J.E., Henderson, K.B., Anunciado, M.B., Hayes, D.G. and DeBruyn, J.M. (2020) Soil microbial communities associated
with biodegradable plastic mulch films. Front. Microbiol. 11, 587074 https://doi.org/10.3389/fmich.2020.587074
24 Zhang, Y., Ma, J., 0’Connor, P. and Zhu, Y.G. (2022) Microbial communities on biodegradable plastics under different fertilization practices in farmland
soil microcosms. Sci. Total Environ. 809, 152184 https://doi.org/10.1016/).scitotenv.2021.152184
25 Zettler, E.R., Mincer, T.J. and Amaral-Zettler, L.A. (2013) Life in the “Plastisphere”: microbial communities on plastic marine debris. Environ. Sci.
Technol. 47, 7137—7146 https://doi.org/10.1021/es401288x
26 Oberbeckmann, S., Osborn, A.M. and Duhaime, M.B. (2016) Microbes on a bottle: substrate, season and geography influence community composition
of microbes colonizing marine plastic debris. PLoS ONE 11, 0159289 https://doi.org/10.1371/journal.pone.0159289
27 Dussud, C., Hudec, C., George, M., Fabre, P., Higgs, P., Bruzaud, S. et al. (2018) Colonization of non-biodegradable and biodegradable plastics by
marine microorganisms. Front. Microbiol. 9, 1571 https://doi.org/10.3389/fmich.2018.01571
28  Nakki, P., Eronen-Rasimus, E., Kaartokallio, H., Kankaanpaa, H., Setala, 0., Vahtera, E. et al. (2021) Polycyclic aromatic hydrocarbon sorption and
bacterial community composition of biodegradable and conventional plastics incubated in coastal sediments. Sci. Total Environ. 795, 143088 https://doi.
org/10.1016/j.scitotenv.2020.143088
29  Pinnell, L.J. and Turner, J.W. (2019) Shotgun metagenomics reveals the benthic microbial community response to plastic and bioplastic in a coastal
marine environment. Front. Microbiol. 10, 1252 https://doi.org/10.3389/fmich.2019.01252
© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology

20z AN L€ UO Josn JeysIoAN oXsIUYSL Sylewueq Aq Jpd-0GL00-220Z-SIO/Z L LOVE/EZY/PI9/pd-ejone/osedojBiawe/woo sseidpueody/:diy Woy pepeojumoq


https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1002/anie.201805766
https://doi.org/10.1007/s10965-020-2004-1
https://doi.org/10.1007/s10965-020-2004-1
https://doi.org/10.1007/s10965-020-2004-1
https://doi.org/10.1007/s10965-020-2004-1
https://doi.org/10.1007/s10965-020-2004-1
https://doi.org/10.1126/sciadv.aas9024
https://doi.org/10.3389/fmars.2021.662074
https://doi.org/10.3390/suschem1010001
https://doi.org/10.1016/j.wasman.2016.10.006
https://doi.org/10.1016/j.wasman.2016.10.006
https://doi.org/10.1371/journal.pone.0236579
https://doi.org/10.1080/21683565.2014.884515
https://doi.org/10.1016/j.scitotenv.2020.138668
https://doi.org/10.1016/j.scitotenv.2019.06.129
https://doi.org/10.1016/j.marpolbul.2019.03.020
https://doi.org/10.21273/HORTSCI11249-16
https://doi.org/10.21273/HORTSCI11249-16
https://doi.org/10.3389/fmicb.2018.00819
https://doi.org/10.1016/j.marpolbul.2010.10.013
https://doi.org/10.1016/j.marpolbul.2010.10.013
https://doi.org/10.1007/s00248-019-01424-5
https://doi.org/10.1007/s00248-019-01424-5
https://doi.org/10.1007/s00248-019-01424-5
https://doi.org/10.1007/s00248-019-01424-5
https://doi.org/10.1186/s12866-014-0232-4
https://doi.org/10.1186/s12866-014-0232-4
https://doi.org/10.1186/s12866-014-0232-4
https://doi.org/10.1186/s12866-014-0232-4
https://doi.org/10.1016/j.scitotenv.2018.09.378
https://doi.org/10.3389/fmicb.2020.587074
https://doi.org/10.1016/j.scitotenv.2021.152184
https://doi.org/10.1021/es401288x
https://doi.org/10.1371/journal.pone.0159289
https://doi.org/10.3389/fmicb.2018.01571
https://doi.org/10.1016/j.scitotenv.2020.143088
https://doi.org/10.1016/j.scitotenv.2020.143088
https://doi.org/10.3389/fmicb.2019.01252

Emerging Topics in Life Sciences (2022) 6 423-433 ° PORTLAND
https://doi.org/10.1042/ETLS20220015 ... PRESS

30  Muroi, F., Tachibana, Y., Kobayashi, Y., Sakurai, T. and Kasuya, K.I. (2016) Influences of poly(butylene adipate-co-terephthalate) on soil microbiota and
plant growth. Polym. Degrad. Stab. 129, 338-346 https://doi.org/10.1016/j.polymdegradstab.2016.05.018

31 L, C., Moore-Kucera, J., Lee, J., Corbin, A., Brodhagen, M., Miles, C. et al. (2014) Effects of biodegradable mulch on soil quality. App/. Soil Ecol. 79,
59-69 https://doi.org/10.1016/j.aps0il.2014.02.012

32 Yamamoto-Tamura, K., Hiradate, S., Watanabe, T., Koitabashi, M., Sameshima-Yamashita, Y., Yarimizu, T. et al. (2015) Contribution of soil esterase to
biodegradation of aliphatic polyester agricultural mulch film in cultivated soils. AMB Express 5, 10 https://doi.org/10.1186/s13568-014-0088-x

33 Moreno, M.M. and Moreno, A. (2008) Effect of different biodegradable and polyethylene mulches on soil properties and production in a tomato crop.
Sci. Hortic. 116, 256-263 https://doi.org/10.1016/j.scienta.2008.01.007

34 Rychter, P., Biczak, R., Herman, B., Smy#a, A., Kurcok, P., Adamus, G. et al. (2006) Environmental degradation of polyester blends containing Atactic
poly(3-hydroxybutyrate). Biodegradation in soil and ecotoxicological impact. Biomacromolecules 7, 3125-3131 https://doi.org/10.1021/bm060708r

35  Kasirgjan, S. and Ngouajio, M. (2012) Polyethylene and biodegradable mulches for agricultural applications: a review. Agron. Sustain. Dev. 32, 501-529
https://doi.org/10.1007/s13593-011-0068-3

36 Subrahmaniyan, K., Kalaiselvan, P., Balasubramanian, T.N. and Zhou, W. (2006) Crop productivity and soil properties as affected by polyethylene film
mulch and land configurations in groundnut (Arachis hypogaeal.). Arch. Agron. Soil Sci. 52, 79-103 https://doi.org/10.1080/03650340500421786

37 Maul, J.E., Buyer, J.S., Lehman, R.M., Culman, S., Blackwood, C.B., Roberts, D.P. et al. (2014) Microbial community structure and abundance in the
rhizosphere and bulk soil of a tomato cropping system that includes cover crops. Appl. Soil Ecol. 77, 42-50 https://doi.org/10.1016/j.aps0il.2014.01.
002

38  Balestri, E., Menicagli, V., Vallerini, F. and 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

39  Bucci, K., Tulio, M. and Rochman, C.M. (2020) What is known and unknown about the effects of plastic pollution: a meta-analysis and systematic
review. Ecol. Appl. 30, €02044 https://doi.org/10.1002/eap.2044

40  Galloway, T.S., Cole, M. and Lewis, C. (2017) Interactions of microplastic debris throughout the marine ecosystem. Nat. Ecol. Evol. 1, 116 https://doi.
0rg/10.1038/s41559-017-0116

41 Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E. et al. (2016) Oyster reproduction is affected by exposure to polystyrene
microplastics. Proc. Natl Acad. Sci. U.S.A. 113, 2430-2435 https://doi.org/10.1073/pnas.1519019113

42 Cole, M., Lindeque, P., Fileman, E., Halsband, C. and Galloway, T.S. (2015) The impact of polystyrene microplastics on feeding, function and fecundity
in the marine copepod calanus helgolandicus. Environ. Sci. Technol. 49, 1130—1137 https://doi.org/10.1021/es504525u

43 Lahive, E., Walton, A., Horton, A.A., Spurgeon, D.J. and Svendsen, C. (2019) Microplastic particles reduce reproduction in the terrestrial worm
enchytraeus crypticus in a soil exposure. Environ. Pollut. 255, 113174 https://doi.org/10.1016/).envpol.2019.113174

44 Wright, S.L., Rowe, D., Thompson, R.C. and Galloway, T.S. (2013) Microplastic ingestion decreases energy reserves in marine worms. Curr. Biol. 23,
R1031-R10R3 https://doi.org/10.1016/j.cub.2013.10.068

45 Rochman, C.M., Kurobe, T., Flores, I. and Teh, S.J. (2014) Early warning signs of endocrine disruption in adult fish from the ingestion of polyethylene
with and without sorbed chemical pollutants from the marine environment. Sci. Total Environ. 493, 656—661 https://doi.org/10.1016/j.scitotenv.2014.
06.051

46 Cole, M., Liddle, C., Consolandi, G., Drago, C., Hird, C., Lindeque, P.K. et al. (2020) Microplastics, microfibres and nanoplastics cause variable
sub-lethal responses in mussels (Mytilus spp.). Mar. Pollut. Bull. 160, 111552 https://doi.org/10.1016/j.marpolbul.2020.111552

47  Redondo-Hasselerharm, P.E., Falahudin, D., Peeters, E.T. and Koelmans, A.A. (2018) Microplastic effect thresholds for freshwater benthic
macroinvertebrates. Environ. Sci. Technol. 52, 22782286 https://doi.org/10.1021/acs.est.7b05367

48  Ding, W., Li, Z., Qi, R., Jones, D.L., Liu, Q., Liu, Q. et al. (2021) Effect thresholds for the earthworm Eisenia fetida: Toxicity comparison between
conventional and biodegradable microplastics. Sci. Total Environ. 781 https://doi.org/10.1016/j.scitotenv.2021.146884

49  Boots, B., Russell, C.W. and Green, D.S. (2019) Effects of microplastics in soil ecosystems: above and below ground. Environ. Sci. Technol. 53,
11496-11506 https://doi.org/10.1021/acs.est.9b03304

50 Huerta-Lwanga, E., Mendoza-Vega, J., Ribeiro, 0., Gertsen, H., Peters, P. and Geissen, V. (2021) Is the polylactic acid fiber in green compost a risk for
Lumbricus terrestris and Triticum aestivum? Polymers (Basel) 13, 703 https://doi.org/10.3390/polym13050703

51  Prendergast-Miller, M.T., Katsiamides, A., Abbass, M., Sturzenbaum, S.R., Thorpe, K.L. and Hodson, M.E. (2019) Polyester-derived microfibre impacts
on the soil-dwelling earthworm Lumbricus terrestris. Environ. Pollut. 251, 453-459 https://doi.org/10.1016/j.envpol.2019.05.037

52  Cao, D., Wang, X,, Luo, X,, Liu, G. and Zheng, H. (2017) Effects of polystyrene microplastics on the fitness of earthworms in an agricultural soil. /OP
Conf. Ser. Earth Environ. Sci. 61, 012148 https://doi.org/10.1088/1755-1315/61/1/012148

53 Huerta Lwanga, E., Gertsen, H., Gooren, H., Peters, P., Salanki, T., van der Ploeg, M. et al. (2016) Microplastics in the terrestrial ecosystem:
Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae). Environ. Sci. Technol. 50, 2685-2691 https://doi.org/10.1021/acs.est.5005478

54 Adhikari, K. and Hartemink, A.E. (2016) Linking soils to ecosystem services: a global review. Geoderma 262, 101111 https://doi.org/10.1016/j.
geoderma.2015.08.009

55  Jones, C.G., Lawton, J.H. and Shachak, M. (1996) Organisms as Ecosystem Engineers. In Ecosystem Management: Selected Readings (Samson, F.B.
and Knopf, F.L., eds), pp. 130-147, Springer New York, New York, NY

56  Amone, Ill, J.A. and Zaller, J.G. (2014) Earthworm effects on native grassland root system dynamics under natural and increased rainfall. . Front. Plant
Sci. 5, 152 https://doi.org/10.3389/fpls.2014.00152

57  Jiang, X., Chen, H., Liao, Y., Ye, Z., Li, M. and Klobucar, G. (2019) Ecotoxicity and genotoxicity of polystyrene microplastics on higher plant Vicia faba.
Environ. Pollut. 250, 831-838 https://doi.org/10.1016/j.envpol.2019.04.055

58 Zhang, T.R., Wang, C.X., Dong, F.Q., Gao, Z.Y., Zhang, C.J., Zhang, X.J. et al. (2019) Uptake and translocation of styrene maleic anhydride
nanoparticles in murraya exotica plants as revealed by noninvasive, real-Time optical bioimaging. Environ. Sci. Technol. 53, 1471-1481 https://doi.org/
10.1021/acs.est.8b05689

59  Lian, J., Wu, J., Xiong, H., Zeb, A., Yang, T., Su, X. et al. (2020) Impact of polystyrene nanoplastics (PSNPs) on seed germination and seedling growth
of wheat (Triticum aestivum L.). J. Hazard. Mater. 385, 121620 https://doi.org/10.1016/}.jhazmat.2019.121620

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology 431

¥20Z AP Lg uo Jasn jayIsIaAIuN BxsIuNe L ssuewueq Aq Jpd-0G|00-2202-SHe/Z) L 0Y6/ETY/v/9/Ppd-ajone/10sayl|do)biaws/woo ssaidpuepod;/:dpy wouy pspeojumoq


https://doi.org/10.1016/j.polymdegradstab.2016.05.018
https://doi.org/10.1016/j.apsoil.2014.02.012
https://doi.org/10.1186/s13568-014-0088-x
https://doi.org/10.1186/s13568-014-0088-x
https://doi.org/10.1186/s13568-014-0088-x
https://doi.org/10.1186/s13568-014-0088-x
https://doi.org/10.1016/j.scienta.2008.01.007
https://doi.org/10.1021/bm060708r
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1080/03650340500421786
https://doi.org/10.1016/j.apsoil.2014.01.002
https://doi.org/10.1016/j.apsoil.2014.01.002
https://doi.org/10.1016/j.scitotenv.2017.06.249
https://doi.org/10.1002/eap.2044
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.1021/es504525u
https://doi.org/10.1016/j.envpol.2019.113174
https://doi.org/10.1016/j.cub.2013.10.068
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1016/j.scitotenv.2014.06.051
https://doi.org/10.1016/j.marpolbul.2020.111552
https://doi.org/10.1021/acs.est.7b05367
https://doi.org/10.1016/j.scitotenv.2021.146884
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.3390/polym13050703
https://doi.org/10.1016/j.envpol.2019.05.037
https://doi.org/10.1088/1755-1315/61/1/012148
https://doi.org/10.1088/1755-1315/61/1/012148
https://doi.org/10.1021/acs.est.5b05478
https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.1016/j.geoderma.2015.08.009
https://doi.org/10.3389/fpls.2014.00152
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1021/acs.est.8b05689
https://doi.org/10.1021/acs.est.8b05689
https://doi.org/10.1016/j.jhazmat.2019.121620

432

PORTLAND

PRESS

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Emerging Topics in Life Sciences (2022) 6 423-433
https://doi.org/10.1042/ETLS20220015

Liu, Y., Guo, R., Zhang, S., Sun, Y. and Wang, F. (2022) Uptake and translocation of nano/microplastics by rice seedlings: Evidence from a hydroponic
experiment. J. Hazard. Mater. 421, 126700 https://doi.org/10.1016/j.jhazmat.2021.126700

Pradas del Real, A.E., Mitrano, D.M., Castillo-Michel, H., Wazne, M., Reyes-Herrera, J., Bortel, E. et al. (2022) Assessing implications of nanoplastics
exposure to plants with advanced nanometrology techniques. J. Hazard. Mater. 430, 128356 https://doi.org/10.1016/j.jhazmat.2022.128356

Ma, X., Geisler-Lee, J., Deng, Y. and Kolmakov, A. (2010) Interactions between engineered nanoparticles (ENPs) and plants: phytotoxicity, uptake and
accumulation. Sci. Total Environ. 408, 3053-3061 https://doi.org/10.1016/j.scitotenv.2010.03.031

Chae, Y. and An, Y.-J. (2020) Nanoplastic ingestion induces behavioral disorders in terrestrial snails: trophic transfer effects via vascular plants. Environ.
Sci. Nano 7, 975-983 https://doi.org/10.1039/C9EN01335K

Liao, Y.C., Nazygul, J., Li, M., Wang, X.L. and Jiang, L.J. (2019) Effects of microplastics on the growth, physiology, and biochemical characteristics of
wheat (Triticum aestivum). Huan Jing Ke Xue 40, 4661-4667 https://doi.org/10.13227/j.hjkx.201903113

Gong, W., Zhang, W., Jiang, M., Li, S., Liang, G., Bu, Q. et al. (2021) Species-dependent response of food crops to polystyrene nanoplastics and
microplastics. Sci. Total Environ. 796, 148750 https://doi.org/10.1016/j.scitotenv.2021.148750

Pflugmacher, S., Sulek, A., Mader, H., Heo, J., Noh, J.H., Penttinen, O.P. et al. (2020) The influence of New and artificial aged microplastic and
leachates on the germination of Lepidium sativum L. Plants (Basel) 9, 339 https://doi.org/10.3390/plants9030339

Yang, C. and Gao, X. (2022) Impact of microplastics from polyethylene and biodegradable mulch films on rice (Oryza sativa L.). Sci. Total Environ. 828,
154579 https://doi.org/10.1016/j.scitotenv.2022.154579

Van Norman, J.M., Xuan, W., Beeckman, T. and Benfey, P.N. (2013) To branch or not to branch: the role of pre-patterning in lateral root formation.
Development 140, 4301—-4310 https://doi.org/10.1242/dev.090548

Qi, Y., Beriot, N., Gort, G., Huerta Lwanga, E., Gooren, H., Yang, X. et al. (2020) Impact of plastic mulch film debris on soil physicochemical and
hydrological properties. Environ. Pollut. 266, 115097 https://doi.org/10.1016/j.envpol.2020.115097

Qi, Y., Yang, X., Pelaez, A.M., Huerta Lwanga, E., Beriot, N., Gertsen, H. et al. (2018) Macro- and micro- plastics in soil-plant system: Effects of plastic
mulch film residues on wheat (Triticum aestivum) growth. Sci. Total Environ. 645, 10481056 https://doi.org/10.1016/j.scitotenv.2018.07.229
Zimmermann, L., Bartosova, Z., Braun, K., Oehimann, J., Volker, C. and Wagner, M. (2021) Plastic products leach chemicals that induce In vitro toxicity
under realistic Use conditions. Environ. Sci. Technol. 55, 11814—11823 https://doi.org/10.1021/acs.est.1c01103

Zimmermann, L., Dierkes, G., Ternes, T.A., Volker, C. and Wagner, M. (2019) Benchmarking the in vitro toxicity and chemical composition of plastic
consumer products. Environ. Sci. Technol. 53, 11467-11477 https://doi.org/10.1021/acs.est.9b02293

Zimmermann, L., Dombrowski, A., Volker, C. and Wagner, M. (2020) Are bioplastics and plant-based materials safer than conventional plastics? In vitro
toxicity and chemical composition. Environ. Int. 145, 106066 https://doi.org/10.1016/j.envint.2020.106066

Balestri, E., Menicagli, V., Ligorini, V., Fulignati, S., Raspolli Galletti, A.M. and Lardicci, C. (2019) Phytotoxicity assessment of conventional and
biodegradable plastic bags using seed germination test. Ecol. Indic. 102, 569-580 https://doi.org/10.1016/j.ecolind.2019.03.005

Anderson, G. and Shenkar, N. (2021) Potential effects of biodegradable single-use items in the sea: Polylactic acid (PLA) and solitary ascidians. Environ.
Pollut. 268, 115364 https://doi.org/10.1016/}.envpol.2020.115364

Ferreira-Filipe, D.A., Paco, A., Natal-da-Luz, T., Sousa, J.P., Saraiva, J.A., Duarte, A.C. et al. (2022) Are mulch biofilms used in agriculture an
environmentally friendly solution? - An insight into their biodegradability and ecotoxicity using key organisms in soil ecosystems. Sci. Total Environ. 828,
154269 https://doi.org/10.1016/j.scitotenv.2022.154269

Zhou, J., Gui, H., Banfield, C.C., Wen, Y., Zang, H., Dippold, M.A. et al. (2021) The microplastisphere: Biodegradable microplastics addition alters soil
microbial community structure and function. Soil Biol. Biochem. 156, 108211 https://doi.org/10.1016/}.s0ilbio.2021.108211

Green, D.S., Boots, B., Blockley, D.J., Rocha, C. and Thompson, R. (2015) Impacts of discarded plastic bags on marine assemblages and ecosystem
functioning. Environ. Sci. Technol. 49, 5380-5389 https://doi.org/10.1021/acs.est.5b00277

Green, D.S., Boots, B., 0’Connor, N.E. and Thompson, R. (2017) Microplastics affect the ecological functioning of an important biogenic habitat.
Environ. Sci. Technol. 51, 6877 https://doi.org/10.1021/acs.est.6b04496

Green, D.S., Boots, B., Sigwart, J., Jiang, S. and Rocha, C. (2016) Effects of conventional and biodegradable microplastics on a marine ecosystem
engineer (Arenicola marina) and sediment nutrient cycling. Environ. Pollut. 208, 426—434 https://doi.org/10.1016/j.envpol.2015.10.010

Seena, S., Gutierrez, 1.B., Barros, J., Nunes, C., Marques, J.C., Kumar, S. et al. (2022) Impacts of low concentrations of nanoplastics on leaf litter
decomposition and food quality for detritivores in streams. J. Hazard. Mater. 429, 128320 https://doi.org/10.1016/j.jhazmat.2022.128320

Besseling, E., Wegner, A., Foekema, E.M., van den Heuvel-Greve, M.J. and Koelmans, A.A. (2013) Effects of microplastic on fitness and PCB
bioaccumulation by the lugworm Arenicola marina (L.). Environ. Sci. Technol. 47, 593—-600 https://doi.org/10.1021/es302763x

Browne, M.A., Niven, S.J., Galloway, T.S., Rowland, S.J. and Thompson, R.C. (2013) Microplastic moves pollutants and additives to worms, reducing
functions linked to health and biodiversity. Curr. Biol. 23, 2388-2392 https://doi.org/10.1016/j.cub.2013.10.012

Rossi, F., Gribsholt, B., Gazeau, F., Di Santo, V. and Middelburg, J.J. (2013) Complex effects of ecosystem engineer loss on benthic ecosystem
response to detrital macroalgae. PLoS ONE 8, 66650 https://doi.org/10.1371/journal.pone.0066650

Besseling, E., Wang, B., Lurling, M. and Koelmans, A.A. (2014) Nanoplastic affects growth of S. obliquus and reproduction of D. magna. Environ. Sci.
Technol. 48, 12336—12343 https://doi.org/10.1021/es503001d

Bhattacharya, P., Lin, S., Turner, J.P. and Ke, P.C. (2010) Physical adsorption of charged plastic nanoparticles affects algal photosynthesis. J. Phys.
Chem. C 114, 16556—16561 https://doi.org/10.1021/jp1054759

Wu, Y., Guo, P., Zhang, X., Zhang, Y., Xie, S. and Deng, J. (2019) Effect of microplastics exposure on the photosynthesis system of freshwater algae.
J. Hazard. Mater. 374, 219-227 https://doi.org/10.1016/j.jhazmat.2019.04.039

Katz, J.J., Norris, J.R., Shipman, L.L., Thurnauer, M.C. and Wasielewski, M.R. (1978) Chlorophyll function in the photosynthetic reaction center. Ann.
Rev. Biophys. Bioeng. 7, 393-434 https://doi.org/10.1146/annurev.bb.07.060178.002141

Seena, S., Graga, D., Bartels, A. and Cornut, J. (2019) Does nanosized plastic affect aquatic fungal litter decomposition? Fungal Ecol. 39, 388-392
https://doi.org/10.1016/j.funeco.2019.02.011

Du, J., Qv, W, Niu, Y., Qv, M., Jin, K., Xie, J. et al. (2022) Nanoplastic pollution inhibits stream leaf decomposition through modulating microbial
metabolic activity and fungal community structure. J. Hazard. Mater. 424, 127392 https://doi.org/10.1016/j.jhazmat.2021.127392

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology

20z AN L€ UO Josn JeysIoAN oXsIUYSL Sylewueq Aq Jpd-0GL00-220Z-SIO/Z L LOVE/EZY/PI9/pd-ejone/osedojBiawe/woo sseidpueody/:diy Woy pepeojumoq


https://doi.org/10.1016/j.jhazmat.2021.126700
https://doi.org/10.1016/j.jhazmat.2022.128356
https://doi.org/10.1016/j.scitotenv.2010.03.031
https://doi.org/10.1039/C9EN01335K
https://doi.org/10.13227/j.hjkx.201903113
https://doi.org/10.1016/j.scitotenv.2021.148750
https://doi.org/10.3390/plants9030339
https://doi.org/10.1016/j.scitotenv.2022.154579
https://doi.org/10.1242/dev.090548
https://doi.org/10.1016/j.envpol.2020.115097
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1021/acs.est.1c01103
https://doi.org/10.1021/acs.est.9b02293
https://doi.org/10.1016/j.envint.2020.106066
https://doi.org/10.1016/j.ecolind.2019.03.005
https://doi.org/10.1016/j.envpol.2020.115364
https://doi.org/10.1016/j.scitotenv.2022.154269
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1021/acs.est.5b00277
https://doi.org/10.1021/acs.est.6b04496
https://doi.org/10.1016/j.envpol.2015.10.010
https://doi.org/10.1016/j.jhazmat.2022.128320
https://doi.org/10.1021/es302763x
https://doi.org/10.1016/j.cub.2013.10.012
https://doi.org/10.1371/journal.pone.0066650
https://doi.org/10.1021/es503001d
https://doi.org/10.1021/jp1054759
https://doi.org/10.1016/j.jhazmat.2019.04.039
https://doi.org/10.1146/annurev.bb.07.060178.002141
https://doi.org/10.1016/j.funeco.2019.02.011
https://doi.org/10.1016/j.jhazmat.2021.127392

Emerging Topics in Life Sciences (2022) 6 423-433 ° ot PORTLAND
https://doi.org/10.1042/ETLS20220015 ... PRESS

91 Jager, T., Barsi, A., Hamda, N.T., Martin, B.T., Zimmer, E.I. and Ducrot, V. (2014) Dynamic energy budgets in population ecotoxicology: Applications
and outlook. Ecol. Model. 280, 140-147 https://doi.org/10.1016/j.ecolmodel.2013.06.024

92  Priede, I.G. (1977) Natural selection for energetic efficiency and the relationship between activity level and mortality. Nature 267, 610-611 https://doi.
0rg/10.1038/267610a0

93  Widdows, J., Donkin, P., Brinsley, M., Evans, S., Salkeld, P., Franklin, A. et al. (1995) Scope for growth and contaminant levels in North Sea mussels
Mytilus edulis. Mar. Ecol. Prog. Series 127, 131-148 https://doi.org/10.3354/meps127131

94 Handy, R., Sims, D., Giles, A., Campbell, H. and Musonda, M. (1999) Metabolic trade-off between locomotion and detoxification for maintenance of
blood chemistry and growth parameters by rainbow trout (Oncorhynchus mykiss) during chronic dietary exposure to copper. Aquat. Toxicol. 47, 23-41
https://doi.org/10.1016/S0166-445X(99)00004-1

95  Campbell, H., Handy, R. and Sims, D. (2005) Shifts in a fish’s resource holding power during a contact paired interaction: the influence of a
copper-contaminated diet in rainbow trout. Physiol. Biochem. Zool. 78, 706—714 https://doi.org/10.1086/432146

96  Van Der Ploeg, M.J., Handy, R.D., Heckmann, L.-H., Van Der Hout, A. and Van Den Brink, N.W. (2013) C60 exposure induced tissue damage and gene
expression alterations in the earthworm Lumbricus rubellus. Nanotoxicology 7, 432—440 https://doi.org/10.3109/17435390.2012.668569

97  Fu, Y., Wu, G., Bian, X., Zeng, J. and Weng, Y. (2020) Biodegradation behavior of poly (butylene adipate-co-terephthalate)(PBAT), poly (lactic acid)(PLA),
and their blend in freshwater with sediment. Molecules 25, 3946 https://doi.org/10.3390/molecules25173946

98  Jia, H., Zhang, M., Weng, Y. and Li, C. (2021) Degradation of polylactic acid/polybutylene adipate-co-terephthalate by coculture of Pseudomonas
mendocina and Actinomucor elegans. J. Hazard. Mater. 403, 123679 https://doi.org/10.1016/j.jhazmat.2020.123679

99  Lactic acid, Substance infocard [Internet]. European Chemicals Agency. [cited 27/07/2022]. Available from: https:/echa.europa.eu/
substance-information/-/substanceinfo/100.000.017

100 George, F., Daniel, C., Thomas, M., Singer, E., Guilbaud, A., Tessier, F.J. et al. (2018) Occurrence and dynamism of lactic acid bacteria in distinct
ecological niches: a multifaceted functional health perspective. Front. Microbiol. 9, 2899 https://doi.org/10.3389/fmich.2018.02899

101 Siedler, S., Balti, R. and Neves, A.R. (2019) Bioprotective mechanisms of lactic acid bacteria against fungal spoilage of food. Curr. Opin. Biotechnol. 56,
138-146 https://doi.org/10.1016/j.copbio.2018.11.015

102 Wang, L., Peng, Y., Xu, Y., Zhang, J., Liu, C., Tang, X. et al. (2022) Earthworms’ degradable bioplastic diet of polylactic acid: easy to break down and
slow to excrete. Environ. Sci. Technol. 56, 5020-5028 https://doi.org/10.1021/acs.est.1c08066

103 Hoshi, A., Yanai, R. and Kuretani, K. (1968) Toxicity of terephthalic acid. Chem. Pharm. Bull. 16, 16551660 https://doi.org/10.1248/cpb.16.1655

104 Kim, M.-N., Lee, B.-Y., Lee, I.-M., Lee, H.-S. and Yoon, J.-S. (2001) Toxicity and biodegradation of products from polyester hydrolysis. J. Environ. Sci.
Health A 36, 447-463 https://doi.org/10.1081/ESE-100103475

105 Mark, U. and Solbé, J. (1998) Analysis of the ecetoc aquatic toxicity (EAT) database V—the relevance of Daphnia magna as a representative test
species. Chemosphere 36, 155-166 https://doi.org/10.1016/S0045-6535(97)10027-3

106 Ketelsen, M., Janssen, M. and Hamm, U. (2020) Consumers’ response to environmentally-friendly food packaging: a systematic review. J. Clean. Prod.
254, 120123 https://doi.org/10.1016/}.jclepro.2020.120123

107 Dilkes-Hoffman, L.S., Ashworth, P., Laycock, B., Pratt, S. and Lant, P. (2019) Public attitudes towards bioplastics — knowledge, perception and
end-of-life management. Resour. Conserv. Recycl. 151, 104479 https://doi.org/10.1016/j.resconrec.2019.104479

108 Liao, J. and Chen, Q. (2021) Biodegradable plastics in the air and soil environment: low degradation rate and high microplastics formation. J. Hazard.
Mater. 418, 126329 https://doi.org/10.1016/j.jhazmat.2021.126329

© 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology 433

20z AN L€ UO Josn JeysIoAN oXsIUYSL Sylewueq Aq Jpd-0GL00-220Z-SIO/Z L LOVE/EZY/PI9/pd-ejone/osedojBiawe/woo sseidpueody/:diy Woy pepeojumoq


https://doi.org/10.1016/j.ecolmodel.2013.06.024
https://doi.org/10.1038/267610a0
https://doi.org/10.1038/267610a0
https://doi.org/10.3354/meps127131
https://doi.org/10.1016/S0166-445X(99)00004-1
https://doi.org/10.1016/S0166-445X(99)00004-1
https://doi.org/10.1016/S0166-445X(99)00004-1
https://doi.org/10.1086/432146
https://doi.org/10.3109/17435390.2012.668569
https://doi.org/10.3390/molecules25173946
https://doi.org/10.1016/j.jhazmat.2020.123679
https://echa.europa.eu/substance-information/-/substanceinfo/100.000.017
https://echa.europa.eu/substance-information/-/substanceinfo/100.000.017
https://echa.europa.eu/substance-information/-/substanceinfo/100.000.017
https://echa.europa.eu/substance-information/-/substanceinfo/100.000.017
https://echa.europa.eu/substance-information/-/substanceinfo/100.000.017
https://doi.org/10.3389/fmicb.2018.02899
https://doi.org/10.1016/j.copbio.2018.11.015
https://doi.org/10.1021/acs.est.1c08066
https://doi.org/10.1248/cpb.16.1655
https://doi.org/10.1081/ESE-100103475
https://doi.org/10.1081/ESE-100103475
https://doi.org/10.1016/S0045-6535(97)10027-3
https://doi.org/10.1016/S0045-6535(97)10027-3
https://doi.org/10.1016/S0045-6535(97)10027-3
https://doi.org/10.1016/j.jclepro.2020.120123
https://doi.org/10.1016/j.resconrec.2019.104479
https://doi.org/10.1016/j.jhazmat.2021.126329

	From microbes to ecosystems: a review of the ecological effects of biodegradable plastics
	Abstract
	Introduction
	Biodegradability as a systems property

	Ecological interaction and impacts of biodegradable plastics
	Microbial interactions
	Individual and population-level effects
	Impacts on ecosystem functioning
	Impacts of exposure to chemical degradation products

	Conclusion
	Competing Interests
	Funding
	Author Contribution
	References


