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Implication of microplastics on soil faunal communities — identifying gaps of knowledge
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Abstract

There is mounting evidence that plastic and microplastic contamination of soils can affect
physico-chemical processes and soil fauna, as has been excellently summarised in many
recently published meta-analyses and systematic reviews elsewhere. It has become clear that
impacts are highly context dependent on e.g., polymer type, shape, dose and the soil itself.
Most published studies are based on experimental approaches using (semi-)controlled
laboratory conditions. They typically focus on one or several representative animal species
and their behaviour and/or physiological response — for example earthworms, but rarely on
whole communities of animals. Nevertheless, soil animals are rarely found in isolation and
form part of intricate foodwebs. Soil faunal biodiversity is complex, and species diversity and
interactions within the soil are very challenging to unravel, which may explain why there is
still a dearth of information on this. Research needs to focus on soil animals from a holistic
viewpoint, moving away from studies on animals in isolation and consider different trophic
levels including their interactions. Furthermore, as evidence obtained from laboratory studies
is complemented by relatively few studies done in field conditions, more research is needed
to fully understand the mechanisms by which plastic pollution affects soil animals under

realistic field conditions. However, field-based studies are typically more challenging
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logistically, requiring relatively large research teams, ideally of an interdisciplinary nature to
maintain long-term field experiments. Lastly, with more alternative, (bio)degradable and/or
compostable plastics being developed and used, their effects on soil animals will need to be

further researched.

Introduction

Research on how plastic (especially microplastic) pollution affects soil ecosystems has
increased greatly over the last decade, with many comprehensive systematic reviews and
meta-analyses recently published on the topic (e.g. [1-9]). Recently a comprehensive
database has been compiled, amalgamating data research on the toxicity of microplastics in
a wide range of habitats [10]. It is widely accepted that biologically healthy soils are crucial
for ecosystem functioning [11, 12] and the myriad of services they provide [13] (Figure 1).
With the increase in (micro)plastics pollution in soils, however, ecosystem services and
associated faunal communities are considered to be under threat [14]. The aim of this paper
is not to systematically review the current state of knowledge, as that has recently been
extensively done elsewhere, but to identify specific gaps of understanding of how
(micro)plastic pollution affects soil faunal communities, i.e. effects on higher levels of

biological organisation, to direct future research.

Interactions between plastics and soil fauna at higher levels of organisation.

It is thought that the majority of plastic pollution in soil ecosystems can be attributed to

agriculture and poor waste management, but there are many other pathways for plastics to

enter soil, as recently reviewed by [15], for example car tyre particles from road wear [16],
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clothing fibres from washing [17] and application of wastewater or sludge to soils [18]. In
some cases, plastics are added onto soil deliberately; an obvious example being the
application of plastic mulches in agriculture [19] to create favourable microclimates for crops
to grow [20], but with the potential of plastic fragments remaining in the soil [21-23], even
though there are plastics marketed as biodegradable or compostable e.g. made of
biodegradable polymer. However, with many types of plastics designed to last, and thus
degrade poorly under natural conditions in the soil [24], there is concern for the accumulation
of plastics in soils [25], including as microplastics [26], currently still defined as particles <
5mm or < Imm in size [27]. Since raising concerns of microplastic contamination of soils a
decade ago by [28], there has been an increased effort to understand their impacts on
terrestrial ecosystems, with studies exploring effects on ecosystem functioning [29] and soil
biota [7]. When deposited on the soil, microplastics are translocated in the soil profile through
bioturbation by soil animals (e.g. earthworms), agricultural activities such as ploughing, but
also natural physical soil processes such as slaking [30] and precipitation [31], and certain soil
animals can contribute to the further fragmentation of plastic particles into microplastics [32].
There is mounting evidence for the effects of microplastics on soil physico-chemical processes
[33], which appear to depend on the dose, shape, size and chemical composition of the plastic
particle [29, 34]. For example, soil porosity and associated water movement and capacity can
change with certain types of microplastics [33, 35,36], but also evaporation increases with the
presence of plastic particles in the soil [37]. Furthermore, soil pH — a crucial factor for many
(bio)chemical processes can also be altered when microplastics are in soil [38], for with
cascading effects on other processes such as nitrogen cycling [39]. Most of these processes
are associated with soil microbes and their activity, in particular bacteria and fungi [3], which

have been the focus of many studies concerning the effects of microplastics on soil
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biodiversity. There is evidence that microplastics can alter the composition and functioning
of microbial communities [3], and there is evidence, based on genetic sequencing, that
microplastics themselves may have different microbial communities from the surrounding
bulk soil (e.g. [40]). The relatively greater research focus on microbial communities (compared
with larger soil biota such as worms and microarthropods) is possibly due to the relative ease
to gather phylogenetic information from microbes by exploring eDNA with well-defined
universal primers (such as those amplifying 16S rRNA) combined with metagenomic analyses
and associated putative functional profiles [41]. Such an approach using eDNA is challenging
for soil animals, which may explain why soil faunal communities are currently under-studied
compared to microbial communities. Furthermore, it can be challenging to experimentally
reconstruct representative soil faunal communities in the laboratory or field. As such, most
studies considered how single, or an assemblage of a few animal species are affected by
microplastics (as reviewed by e.g. [2, 42-44]. Earthwormes, in particular, have been studied in
the context of microplastic research. They can be considered important in the soil as
ecosystem engineers [45] and are relatively easy to maintain under controlled laboratory
conditions. For example, Jiang et al. (2020) [46] found that tiger worms (Eisenia fetida)
responded negatively to the presence of polystyrene microplastics, with several biochemical
changes at the cellular level. Similar results were found by Sobhani et al. (2022) [47] who
exposed E. fetida to microplastic made of polyethylene. Other species of earthworms have
been reported to be negatively affected by exposure to microplastics, for example, the
endogeic rosy-tipped worm (Aporrectodea rosea) had reduced growth when exposed to
different types of microplastics in a mesocosm study by Boots et al. (2019) [48]. A seminal
study on the anecic earthworm Lumbricus terrestris by Huerta Lwanga et al. (2016) [49] found

that their growth also was negatively impacted, including their survival, by the presence of
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LDPE microplastics in a simulated litter layer. A subsequent publication by Huerta Lwanga et
al. (2017) [50] reports that microplastics can be translocated into the soil matrix through
burrowing activities by L. terrestris, thereby potentially exposing other soil fauna to
microplastics. Another study with L. terrestris, by Zhang et al. (2018) [51], explored their
potential involvement in incorporating plastics into soil when exposed to larger pieces from
biodegradable and conventional plastic mulches, and found that the earthworms
incorporated both types of plastics into the soil as well. When in the soil, these plastics may
further degrade and or be redistributed through the soil profile. Other soil animals may also
contribute to the redistribution of plastics within the soil. For example, the collembola
Folsomia candida and Proisotoma minuta were studied by Maall et al. (2017) [52] to
understand their role in the translocation of particles and fibres. They found that the two
species interacted differently with the microplastics suggesting that they could affect the
distribution of microplastics differently within the soil matrix. However, Kim et al. (2019) [53]
reported that the collembolan Lobella sokamensis was negatively affected when microplastics
were present due to their propensity to block micro-cavities within the soil matrix where the
animals are typically found thereby restricting their movement. The potworm Enchytraeus
crypticus has been shown to avoid microplastics obtained from HDPE bottle caps when in the
soil, moving to areas with no or lower concentrations [54]. Lahive et al. (2019) [55] explored
how E. crypticus responded to the presence of different size and shapes of microplastics in
soil, and they found that E. cryptus ingested nylon fibres and that their reproduction was
reduced. In another controlled mesocosm-based study, Selonen et al. (2020) [56] explored
the response of E. crypticus, F. candida, the oribatid mite Oppia nitens and the isopod Porcellio
scaber to polyester fibres either mixed in soil or leaf litter. They also reported that E. crypticus

ingested the fibres and displayed reduced reproduction, but the other test organisms showed
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marginal responses. The animals, however, were studied in separate mesocosms which did
not allow the exploration of community-level effects of the microplastics. Most studies
appear to have been done on specific taxa, such as worms, perhaps because the are relatively
easy to maintain, can be considered model organisms representing different functional
groups [57]. Other soil organisms are also often used in soil ecotoxicological studies, such as
isopods [58], yet there is limited information on these taxa when exposed to
microplastics.Even so, soil animals rarely occur alone as single species in soil, which can
contain great diversity and abundance of animals from different taxonomic groups,
comprising an extremely complex foodweb of multiple trophic levels of detritivores, grazers
and predators at the micro-, meso- and macroscale (e.g. [59]). Even though there is ample of
evidence for single-species effects when exposed to the myriad of microplastics (e.g. shapes,
polymers, sizes, doses) as reviewed elsewhere, similar studies considering multi-species at
higher levels of organisation are not very common in the literature [60]. There are very few
studies reporting the effects of microplastics on soil faunal communities, including those done
under field conditions. For example, a seminal observational field study by Huerta Lwanga et
al. (2017) [61] explored trophic translocation from soil containing microplastics which were
also found at increased levels in earthworm casts and subsequently increased in chicken
faeces, but they were also detected in chicken and crop plants. It is not clear however, how
the presence of microplastics affected the highest trophic level, nonetheless this raised
concern that microplastics can move up the food chain. A more recent, 287-day long study by
Lin et al. (2020) [62] showed that when LDPE microplastics are experimentally applied to the
topsoil layer in a field, microarthropod and nematode communities were affected. In that
study [62], animals were classified by functional groups (e.g. feeding types of nematodes) or

order (e.g. ants as Hymenoptera) and they found that there was an overall decrease in
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abundance of organisms with microplastics present, but also the community composition
shifted with increasing density of microplastics. At 287 days, the study reported in [62] is
relatively long-term, but to fully understand how soil fauna responds to microplastic
pollution, more long-term research is needed. This is especially important for agricultural
settings so that different crop growth seasons will be encompassed. Long-term experiments,
however, are challenging and require continuous funding to maintain and sampled typically
by interdisciplinary research teams. A study by Herndndez-Gutiérrez et al. (2021) [63]
explored how soil invertebrates responded to microplastics under agricultural mulching
(plastic LDPE sheets), but also the use of glyphosate. Mulching was applied to the field from
2009 and the study was conducted in 2019. They found that there were more microplastics
in the soil with mulching and they reported that there were more individuals and taxonomic
orders of above-ground invertebrates captured with pitfall trap associated with the mulched
soils. It remains unclear, however, if the microplastics in the soil caused these differences.
Maintaining long-term and field-based studies, especially of a manipulative nature is
challenging and requires relatively large research teams. Ideally the team should consist of
several scientific disciplines so that a holistic picture can be sketched of how soil biodiversity

and associated ecosystem functioning can be affected.

Moving forward: focus for research

Soils are extremely heterogenous systems which make studying mechanistic pathways
challenging [64] and, therefore, generalisation is very difficult. To make generalisation
feasible, more empirical data is needed which encompass the many different biological,
chemical and physical processes within soils. As these processes rarely occur in isolation,

researching them in tandem (i.e. reciprocal effects on physico-chemical parameters and soil
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biodiversity) will provide a more holistic picture of how microplastics can affect soil
ecosystems. Moving on from general observational studies, there is a need to shift to studies
designed to unravel hypothesised mechanistic pathways, for example related to the shape,
size and chemical composition of the plastics. Mechanistic pathways can be direct (e.g.
physical contact) or indirect (e.g. via affecting a trophic level), but unravelling these pathways
at the community level requires very careful experimental designs to ensure confounding
variables are minimised. Furthermore, effects on animals at the molecular level (genes,
enzymes), such as oxidative-stress related responses [65, 66] could help further explain how
soil animals are being affected, including sub-lethal but chronic effects. To bring this further,
as also suggested by So et al. (2022) [67], it is important to explore how microplastic pollution
affects soil ecosystems under more realistic conditions, ideally in the field, with realistic doses
of microplastics applied [68]. Laboratory-based studies are valuable, and they suggest that
soil biological and physico-chemical characteristics respond differently to the characteristics
of plastic contamination, however, more information is required under different field settings
to understand how microplastics affect soil fauna at the community level. Combined with
trait-analysis techniques (e.g. [69]), potential community level (e.g. foodweb) effects can be
explored. To achieve this, simplified model communities of soil fauna could be constructed
representing several trophic levels (including primary producers). Field-based experiments,
however, typically require more maintenance, effort and costs, and they introduce more
noise than controlled or semi-controlled approaches. There could be an ethical issue
regarding the deliberate addition of an emerging pollutant to field plots which will need to be
considered. Nevertheless, by moving from lab-based studies to long-term field settings, we

can fully understand the impact of microplastics in soil ecosystems, including soil fauna.
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Furthermore, there are still many groups of soil fauna which remain relatively understudied.
In 2018, research on soil protists was already identified as lacking [70], such as amoeba which
are important members of the soil foodweb, and there is still a dearth of information on this
group of soil fauna. Soils can contain a great diversity of soil micro- and mesofauna, including
pathogens and parasites, which all contribute to the health of soil ecosystems. The impacts
of microplastic pollution on soil dwelling vertebrates are not studied in much depth either,
although the definition of “soil dwelling vertebrates” is context dependent, i.e. animals living
on the surface, within the litter layer, or within the soil. One could consider snakes as part of
the terrestrial foodweb as well, and [71] found microplastic fibres in the gastro-intestinal tract
of two different snake specimens (Natrix natrix and N. tessellate) kept in a museum from 1989
— 2019. Snakes are relatively at high trophic levels in terrestrial foodwebs which may explain
the presence of the plastics inside their bodies. There are other studies on vertebrates, but
mainly on mice and under laboratory conditions (e.g. [72]), as conducting ecotoxicological
research on soil vertebrates typically requires strict ethical consideration. Such research may
be valuable for wildlife, however, ethically that may be questionable.

Lastly, there is an increase in biodegradable and/or compostable plastics manufactured of
materials designed to degrade more rapidly than conventional types (e.g. polyethylene,
polyethylene terephthalate or polystyrene) and several products also claim to generate no
microplastics. However, (bio)degradation in the natural soil environment and the effects of
those plastics when littered or incorporated in the soil especially those on soil functioning and
related faunal communities will have to be better understood to assess their potential risks
[73], before they are adopted as an alternative to conventional plastics, including in

agriculture.
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Summary points

There is mounting evidence that (micro)plastics can affect soil animals directly and
indirectly via changes in soil physico-chemical properties. This manifests as lethal and
sub-lethal (e.g. at the molecular level) health responses.

Recently many systematic reviews and meta-analysis have been published
amalgamating the scientific literature, but there is still a need for more empirical
research to understand the underpinning mechanisms of how (micro)plastics can
affect soil animals.

Many taxa of soil fauna remain understudied. To generate a bigger picture, more
information on effect of microplastics on taxa which are more cryptic, e.g. micro- and
mesofauna.

There is still a dearth of information on how soil animal communities, at a higher level
of organisation, are affected as most research has been done on one or just a few
animals in isolation.

Research will have to move to studies done under field conditions, ideally long-term,
including focus on (bio)degradable types of plastics and understudied groups such as

vertebrates, although there are many (ethical) challenges to consider.

Declaration of conflict of interest

There are no conflicts of interest.

Acknowledgements

| would like to thank Dr Dannielle Green for valuable comments on a draft of this manuscript.

10



240

241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

271
272
273

274
275
276

277
278
279
280

References

10.

Guo, J., Huang, X., Xiang, L., Wang, Y., Li, Y., Li, H. et al. (2020) Source, migration and
toxicology of microplastics in soil. Environ. Int. 137, 105263
https://doi.org/10.1016/j.envint.2019.105263

Wang, Q., Adams, C.A,, Wang, F., Sun, Y. and Zhang, S. (2021) Interactions between
microplastics and soil fauna: A critical review. Crit. Rev. Environ. Sci. Technol. 1-
33 https://doi.org/10.1080/10643389.2021.1915035

Zhang, X,, Li, Y., Ouyang, D., Lei, J., Tan, Q. Xie, L. et al. (2021) Systematical review of
interactions between microplastics and microorganisms in the soil environment. J.
Hazard. Mater. 418,

126288 https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.126288

Ji, Z., Huang, Y., Feng, Y., Johansen, A., Xue, J., Tremblay, L.A. et al. (2021) Effects of
pristine microplastics and nanoplastics on soil invertebrates: A systematic review and
meta-analysis of available data. Sci.Total Environ. 788, 147784
https://doi.org/10.1016/j.scitotenv.2021.147784

Wang, F.Y., Wang, Q.L. and Zhang, S.W., 2022. Effects of microplastics on soil
properties: Current knowledge and future perspectives. J. Hazard.
Mater. 424, 127531 https://doi.org/10.1016/j.jhazmat.2021.127531

Wei, H., Wu, L.Z. and Zhang, J.E. (2022) Meta-analysis reveals differential impacts of
microplastics on soil biota. Ecotox. Environ. Safe. 230, 113150
https://doi.org/10.1016/j.ecoenv.2021.113150

Ren, X.W,, Yin, S. and Tang, J.C. (2022) Microplastics in plant-microbes-soil system: A
review on recent studies. Sci. Total. Environ. 816, 151523
https://doi.org/10.1016/].scitotenv.2021.151523

Joos, L. and De Tender, C. (2022) Soil under stress: The importance of soil life and
how it is influenced by (micro)plastic pollution. Computational and Structural
Biotechnology Journal 20, 1554-1566 https://doi.org/10.1016/j.csbj.2022.03.041

Zhang, J.R,, Rena, S.Y., Xu, W., Liang, C., Li, J.J., Zhang, H.Y.et al. (2022) Effects of
plastic residues and microplastics on soil ecosystems: A global meta. J. Hazard.
Mater. 435, 129065 https://doi.org/10.1016/j.jhazmat.2022.129065.

Thornton Hampton, L.M., Lowman, H., Coffin, S., Darin, E., De Frond, H.,
Hermabessiere, L.et al. (2022) A living tool for the continued exploration of
microplastic toxicity. Micropl. & Nanopl. 2, 13 https://doi.org/10.1186/s43591-022-
00032-4

11



281
282
283

284
285
286

287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

310
311

312
313
314
315
316
317
318
319
320
321
322
323
324
325

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Fitter, A.H., Gilligan, C.A., Hollingworth, K., Kleczkowski, A., Twyman, R.M., Pitchford,
J.W. et al. (2005) Biodiversity and ecosystem function in soil. Funct. Ecol. 19, 369-
377 https://doi.org/10.1111/j.0269-8463.2005.00969.x

Bargett, R.D. and van der Putten, W.H. (2014) Belowground biodiversity and
ecosystem functioning. Nature 515, 505-
511 https://doi.org/https://doi.org/10.1038/nature13855

Adhikari, K. and Hartemink, A.E. (2016) Linking soils to ecosystem services - A global
review. Geoderma 262, 101-111 https://doi.org/10.1016/j.geoderma.2015.08.009
Machado, A., Kloas, W., Zarfl, C., Hempel, S. and Rillig, M.C. (2018) Microplastics as
an emerging threat to terrestrial ecosystems. Global Change Biol. 24, 1405-

1416 https://doi.org/10.1111/gcb.14020

Lwanga, E.H., Beriot, N., Corradini, F., Silva, V., Yang, X., Baartman, J. et al. (2022)
Review of microplastic sources, transport pathways and correlations with other soil
stressors : a journey from agricultural sites into the environment. Chem. Biol.
Technol. Agric 9, 1-20 https://doi.org/10.1186/s40538-021-00278-9

Kole, P.J., Lohr, A.J., Van Belleghem, F. and Ragas, A. (2017) Wear and tear of tyres: A
stealthy source of microplastics in the environment. Int. J. Environ. Res. Public Health
14, 1265 https://doi.org/10.3390/ijerph14101265.

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T.et al. (2011)
Accumulation of microplastic on shorelines woldwide: sources and sinks. Environ.
Sci. Technol 45, 9175-9179 https://doi.org/10.1021/es201811s.

Zhang, Z.Q. and Chen, Y.G. (2020) Effects of microplastics on wastewater and sewage
sludge treatment and their removal: A review. Chem. Eng. J 382
https://doi.org/10.1016/j.cej.2019.122955.

Espi, E., Salmerén, A., Fontecha, A., Garcia, Y. and Real, A.l. (2006) Plastic films for
agricultural applications. J. Plast. Film Sheet 22, 85-
102 https://doi.org/10.1177/8756087906064220

Qin, W., Hu, C. and Oenema, 0. (2015) Soil mulching significantly enhances yields
and water and nitrogen use efficiencies of maize and wheat: A meta-analysis. Sci.
Rep. 5, 16210 https://doi.org/10.1038/srep16210

Steinmetz, Z., Wollmann, C., Schaefer, M., Buchmann, C., David, J., Troeger, J. et al.
(2016) Plastic mulching in agriculture. Trading short-term agronomic benefits for
long-term soil degradation? Sci. Total Environ. 550, 690-

705 https://doi.org/10.1016/j.scitotenv.2016.01.153

Zhang, J., Zou, G., Wang, X., Ding, W., Xu, L., Liu, B. et al. (2021) Exploring the
occurrence characteristics of microplastics in typical maize farmland soils with long-
term plastic film mulching in northern China. Front. Front. Mar. Sci. 8,
https://doi.org/10.3389/fmars.2021.800087

12



326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Xu, L., Xu, X., Li, C., Li, J., Sun, M. and Zhang, L. (2022) Is mulch film itself the primary
source of meso-and microplastics in the mulching cultivated soil? A preliminary field
study with econometric methods. Environ. Pollut. 299, 118915
https://dio.org/10.1016/j.envpol.2022.118915

Fotopoulou, K.N. and Karapanagioti, H.K. (2019). Degradation of various plastics in
the environment. In: Takada H. and Karapanagioti H.K., eds. Hazardous Chemicals
Associated with Plastics in the Marine Environment. Cham: Springer International

Publishing, pp. 71-92 https://doi.org/10.1007/698 2017 11

UNEP (United Nations Environment Programme), 2021. Plastic planet: How tiny
plastic particles are polluting our soils. [on-line] Available at:
<https://www.unep.org/news-and-stories/story/plastic-planet-how-tiny-plastic-
particles-are-polluting-our-soil>.

Thompson Richard, C., Ylva, O., Mitchell Richard, P., Anthony, D., Rowland Steven, J.,
John Anthony, W.G. et al. (2004) Lost at Sea: Where Is All the Plastic? Science 304,
838 https://doi.org/10.1126/science.1094559

Hartmann, N.B., Hiuffer, T., Thompson, R.C., Hassellov, M., Verschoor, A., Daugaard,
A.E.et al. (2019) Are We Speaking the Same Language? Recommendations for a
Definition and Categorization Framework for Plastic Debris. Environ.Sci.Technol. 53,
1039-1047 https://doi.org/10.1021/acs.est.8b05297

Rillig, M.C., (2012) Microplastic in terrestrial Ecosystems and the soil? Environ. Sci.
Technol. 46, 6453-6454 https://doi.org/10.1021/es302011r

Lehmann, A,, Leifheit, E.F., Gerdawischke, M. and Rillig, M.C. (2021) Microplastics
have shape- and polymer-dependent effects on soil aggregation and organic matter
loss — an experimental and meta-analytical approach. Micropl. &

Nanopl. 1 https://doi.org/10.1186/s43591-021-00007-x

Rillig, M.C., Ingraffia, R. and de Souza Machado, Anderson A. (2017) Microplastic
Incorporation into Soil in Agroecosystems. Front. Plant. Sci. 8, 1805
https://doi.org/10.3389/fpls.2017.01805

Zhang, X.T., Chen, Y .X,, Li, X.Y., Zhang, Y.L., Gao, W., Jiang, J. et al. (2022) Size/shape-
dependent migration of microplastics in agricultural soil under simulative and
natural rainfall. Sci. Total Environ. 815,

152507 https://doi.org/10.1016/j.scitotenv.2021.152507

Helmberger, M.S., Miesel, J.R., Tiemann, L.K. and Grieshop, M.J. (2022) Soil
Invertebrates generate microplastics from polystyrene foam debris. J. Insect Sci. 22,
21 https://doi.org/10.1093/jisesa/ieac005

13



372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
3901
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. de Souza Machado, Anderson Abel, Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker,

R. et al. (2018) Impacts of microplastics on the soil biophysical environment. Environ.
Sci. Technol. 52, 9656-9665 https://doi.org/10.1021/acs.est.8b02212

Wang, F.Y., Wang, Q.L., Adams, C.A., Sun, Y.H. and Zhang, S.W. (2022) Effects of
microplastics on soil properties: Current knowledge and future perspectives. J.
Hazard. Mater. 424, 127531 https://doi.org/10.1016/j.jhazmat.2021.127531

Yu, M., van der Ploeg, M., Ma, X.Y., Ritsema, C.J. and Geissen, V. (2020) Effects of
microplastics and earthworm burrows on soil macropore water flow within a
laboratory soil column setup. Vadose Zone J. 19,

€20059 https://doi.org/10.1002/vzj2.20059

Kim, S.W., Liang, Y., Zhao, T.T. and Rillig, M.C. (2021) Indirect effects of microplastic-
contaminated soils on adjacent soil layers: vertical changes in soil physical structure
and water flow. Front. Environ. Sci. 9 https://doi.org/10.3389/fenvs.2021.681934

Wan, Y., Wu, C.X., Xue, Q. and Hui, X. (2019) Effects of plastic contamination on
water evaporation and desiccation cracking in soil. Sci. Total Environ. 654, 576-
582 https://doi.org/10.1016/].scitotenv.2018.11.123

Zhao, T., Lozano, Y.M. and Rillig, M.C. (2021) Microplastics increase soil pH and
decrease microbial activities as a function of microplastic shape, polymer type, and
exposure time. Front. Environ. Sci. 9 https://doi.org/10.3389/fenvs.2021.675803

Riveros, G., Urrutia, H., Araya, J., Zagal, E. and Schoebitz, M. (2022) Microplastic
pollution on the soil and its consequences on the nitrogen cycle: a review. Environ.
Pollut. Sci. R. 29, 7997-8011 https://doi.org/10.1007/s11356-021-17681-2

Zhang, Y., Ma, J., O'Connor, P. and Zhu, Y. (2022) Microbial communities on
biodegradable plastics under different fertilization practices in farmland soil
microcosms. Sci. Total Environ. 809,

152184 https://doi.org/https://doi.org/10.1016/].scitotenv.2021.152184

Kanehisa, M. and Goto, S. (2000) KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27-30 https://doi.org/10.1093/nar/28.1.27

Biks, F., van Schaik, N.L. and Kaupenjohann, M. (2020) What do we know about how
the terrestrial multicellular soil fauna reacts to microplastic? Soil 6, 245-
267 https://doi.org/10.5194/s0il-6-245-2020

Kim, S.W. and Rillig, M.C. (2022) Research trends of microplastics in the soil
environment: Comprehensive screening of effects. Soil Ecology Letters 4, 109-
118 https://doi.org/10.1007/s42832-021-0077-3

14



417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

44,

45.

46.

47.

48.

49.

50.

51.

52.

53

54.

Zhang, Y.L., Zhang, X.T. and He, D.F. (2022) Interaction of microplastics and soil
animals in agricultural ecosystems. Curr. Opin. Env. Sci. HI. 26,
100327 https://doi.org/10.1016/j.coesh.2022.100327

Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R. et al.
(2013) A review of earthworm impact on soil function and ecosystem services. Eur. J.
Soil Sci. 64, 161-182 https://doi.org/https://doi.org/10.1111/ejss.12025

liang, X.F., Chang, Y.Q., Zhang, T., Qiao, Y., Klobucar, G. and Li, M. (2020)
Toxicological effects of polystyrene microplastics on earthworm (Eisenia fetida).
Environ. Pollut. 259, 113896 https://doi.org/10.1016/j.envpol.2019.113896

Sobhani, Z., Panneerselvan, L., Fang, C., Naidu, R. and Megharaj, M. (2022) Chronic
and transgenerational effects of polyethylene microplastics at environmentally
relevant concentrations in earthworms. Environmental Technology & Innovation 25
102226 https://doi.org/10.1016/j.eti.2021.102226

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

Lwanga, E.H., 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.5b05478

Lwanga, E.H., Gertsen, H., Gooren, H., Peters, P., Salanki, T., van der Ploeg, M. et al.
(2017) Incorporation of microplastics from litter into burrows of Lumbricus terrestris.
Environ. Pollut. 220, 523-531 https://doi.org/10.1016/j.envpol.2016.09.096

Zhang, L., Sintim, H.Y., Bary, A.l., Hayes, D.G., Wadsworth, L.C., Anunciado, M.B. et al.
(2018) Interaction of Lumbricus terrestris with macroscopic polyethylene and
biodegradable plastic mulch. Sci. Total Environ. 635, 1600-

1608 https://doi.org/10.1016/j.scitotenv.2018.04.054

MaaR, S., Daphi, D., Lehmann, A. and Rillig, M.C. (2017) Transport of microplastics by
two collembolan species. Environ. Pollut. 225, 456-
459 https://doi.org/10.1016/j.envpol.2017.03.009

. Kim, S.W. and An, Y.J. (2019) Soil microplastics inhibit the movement of springtail

species. Environ. Int. 126, 699-706 https://doi.org/10.1016/j.envint.2019.02.067

Pflugmacher, S., Huttunen, J.H., Wolff, M.v., Penttinen, O., Kim, Y.J., Kim, S. et al.
(2020) Enchytraeus crypticus avoid soil spiked with microplastic. Toxics, 8,
10 https://doi.org/10.3390/toxics8010010

15



463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

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/j.envpol.2019.113174

Selonen, S., Dolar, A., Kokalj, A.J., Skalar, T., Dolcet, L.P., Hurley, R. et al. (2020)
Exploring the impacts of plastics in soil - The effects of polyester textile fibers on soil
invertebrates. Sci. Total Environ. 700,

134451 https://doi.org/10.1016/j.scitotenv.2019.134451

Frund, H.C., Butt, K., Capowiez, Y., Eisenhauer, N., Emmerling, C., Ernst, G.et al.
(2010) Using earthworms as model organisms in the laboratory: Recommendations
for experimental implementations. Pedobiologia 53, 119-125.
https://doi.org/10.1016/j.pedobi.2009.07.002.

van Gestel, C., Loureiro, S. and Zidar, P. (2018) Terrestrial isopods as model
organisms in soil ecotoxicology: a review. ZooKeys 801, 127-162.
https://doi.org/10.3897/zookeys.801.21970.

Coleman, D.C., Callaham, M.A. and Crossley, D.A., 2018. Chapter 6 - Soil Food Webs:
Detritivory and Microbivory in Soils. In: D.C. Coleman, M.A. Callaham and D.A.
Crossley, eds. 2018. Fundamentals of Soil Ecology (Third Edition). Academic Press.
pp. 213-231 https://doi.org/10.1016/B978-0-12-805251-8.00006-5

Tibbett, M., Fraser, T.D. and Duddigan, S. (2020) Identifying potential threats to soil
biodiversity. PeerJ 8, €9271 https://doi.org/10.7717/peerj.9271

Lwanga, E.H., Vega, J.M., Quej, V.K., Chi, J.D., del Cid, L.S., Chi, C.et al. (2017) Field
evidence for transfer of plastic debris along a terrestrial food chain. Sci. Rep. 7,
14071 https://doi.org/10.1038/s41598-017-14588-2

Lin, D., Yang, G., Dou, P., Qian, S., Zhao, L., Yang, Y. et al. (2020) Microplastics
negatively affect soil fauna but stimulate microbial activity: insights from a field-
based microplastic addition experiment. P. Roy. Soc. B-Biol. Sci. 287,
https://doi.org/10.1098/rspb.2020.1268

Hernandez-Gutiérrez, E., Rendén-von Osten, J., Escalona-Segura, G., Mendoza-Vega,
J., Dzul-Caamal, R., Posthumus, S. et al. (2021) Morphospecies abundance of above-
ground invertebrates in agricultural systems under glyphosate and microplastics in
south-eastern Mexico. Environments, 8,

130 https://doi.org/10.3390/environments8110130

Creamer, R.E., Barel, J.M., Bongiorno, G. and Zwetsloot, M.J. (2022) The life of soils:
Integrating the who and how of multifunctionality. Soil Biol. Biochem. 166,
108561 https://doi.org/10.1016/j.s0ilbio.2022.108561

16



509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

550

65

66.

67.

68.

69.

70.

71.

72.

73.

. Lackmann, C., Velki, M., Simic, A., Muller, A., Braun, U., Ecimovic, S. et al. (2022) Two

types of microplastics (polystyrene-HBCD and car tire abrasion) affect oxidative
stress-related biomarkers in earthworm Eisenia andrei in a time-dependent manner.
Environ. Int. 163, https://doi.org/10.1016/j.envint.2022.107190.

Cheng, Y.L, Zhu, L.S., Song, W.H., Jiang, C.Y,, Li, B., Du, Z.K.et al. (2020) Combined
effects of mulch film-derived microplastics and atrazine on oxidative stress and gene
expression in earthworm (Eisenia fetida). Sci. Total Environ. 746,
https://doi.org/10.1016/].scitotenv.2020.141280.

So, M.W.K., Vorsatz, L.D., Cannicci, S. and Not, C. (2022) Fate of plastic in the
environment: From macro to nano by macrofauna. Environ. Pollut. 300,
118920 https://doi.org/10.1016/j.envpol.2022.118920

Buks, F. and Kaupenjohann, M. (2020) Global concentrations of microplastics in soils
- a review. Soil 6, 649-662 https://doi.org/10.5194/s0il-6-649-2020.

Davis, N., Polhill, J.G. and Aitkenhead, M.J. (2021) Measuring heterogeneity in soil
networks: a network analysis and simulation-based approach. Ecol. Model. 439,
109308 https://doi.org/10.1016/j.ecolmodel.2020.109308

Rillig, M.C. and Bonkowski, M. (2018) Microplastic and soil protists: A call for
research. Environ. Pollut. 241, 1128-
1131 https://doi.org/10.1016/j.envpol.2018.04.147

Gul, S., Karaoglu, K., Ozgifci, Z., Candan, K., ligaz, C. and Kumlutas, Y. (2022)
Occurrence of microplastics in herpetological museum collection: Grass snake
(Natrix natrix [Linnaeus, 1758]) and Dice Snake (Natrix tessellata [Laurenti, 1769]) as
model organisms. Water Air Soil Poll. 233, 160 https://doi.org/10.1007/s11270-022-
05626-5

da Silva Brito, Walison Augusto, Mutter, F., Wende, K., Cecchini, A.L., Schmidt, A. and
Bekeschus, S. (2022) Consequences of nano and microplastic exposure in rodent
models: the known and unknown. Part. Fibre Toxicol. 19,

28 https://doi.org/10.1186/s12989-022-00473-y

Qin, M., Chen, C.Y,, Song, B., Shen, M.C., Cao, W.C., Yang, H.L. et al. (2021) A review
of biodegradable plastics to biodegradable microplastics: Another ecological threat
to soil environments? J. Clean. Prod. 312,

127816 https://doi.org/10.1016/].iclepro.2021.127816

17



551

552

553

554

555

556

557

558

Microplastic contamination.
Shape, size, polymer, concentration.

Primary producers and microbes.

Soil invertebrates
Above and below ground.

Soil vertebrates

Above and below ground.

(Bio)(geo)chemical processes
Ecosystem functioning.

Figure 1. Most research on the effects of microplastics have been done in isolation in

laboratory studies (a), with one or several trophic groups considered such as microbes, plants,

worms and invertebrates. Soil ecosystems are very complex and instead of viewing them as

separate compartments, a more holistic approach needs to be adopted linking primary

producers to microbes and soil fauna and associated (bio)geochemical processes (b). Symbols

are obtained from MS Office 365 (Microsoft 2022), except the collembolan (credit: Shyamal

L)
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