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ABSTRACT
SOIL INVERTEBRATE INTERACTIONS WITH MICROPLASTIC POLLUTION
By
Maxwell Summit Helmberger

Microplastics are an unfortunate byproduct of human society’s increasing reliance on
synthetic plastics for packaging, clothing, and other products. Microplastics have long been
known to pollute the world’s oceans, but recent work has shown them to be just as prevalent, if
not more so, in soil. Early findings indicate similar potential for harm to soil organisms as has
been seen for marine microplastics. Yet aside from microplastics’ direct physical and
toxicological effects on soil organisms, one must also consider their interactions with these
organisms, the ways in which organisms may influence microplastics’ formation, occurrence,
and distribution in soil as well as mediate their effects on the rest of the soil community. My
research is focused on soil invertebrates’ ability to create microplastics by fragmenting large
plastic debris. To advance this goal, I first developed a novel fluorescent counterstaining
technique, adding a blend of Calcofluor white and Evans blue to the traditional Nile red staining
approach. The counterstain allowed microplastics to be visually distinguished from chitin,
cellulose, and other biological materials that may survive chemical digestion along with the
plastics, making it possible to detect plastics in samples of soil invertebrate fecal material and
biomass. I then investigated four soil invertebrates’ ability to generate microplastic from
polystyrene (PS) foam debris. Individuals of the beetle larva Zophobas morio, the cricket
Gryllodes sigillatus, the isopod Oniscus asellus, and the snail Cornu aspersum were placed in
glass arenas with pieces of pristine or weathered PS foam for 24 h, after which I counted

microplastic particles in the invertebrates’ fecal material, cadaver biomass, and the sand substrate



of their arenas. Z. morio fragmented all plastics and produced the most detectable microplastic,
C. aspersum produced almost none, and G. sigillatus and O. asellus fragmented only the
weathered plastics. In a follow-up experiment with O. asellus, identical pieces of pristine PS
foam were subjected to ultraviolet light, immersion in a soil suspension, and combination
treatments to assess the effects of exposure to the elements on fragmentation by the isopods.
Plastics immersed in the soil suspension were fragmented to a significantly greater degree than
other treatments. Together, these results suggest that large plastic debris could represent a source
of microplastics into soil environments, and that laboratory experiments investigating
fragmentation of pristine plastics may risk underestimating the phenomenon. My further
investigations focused on fragmentation of weathered PS foam by the isopods O. asellus and
Trachelipus rathkii, examining fragmentation over different spans of time and the effects of
natural materials as alternate substrates for the isopods. Neither species appreciably fragmented
the PS foam until after 48 h, an interesting contrast to the previous experience, and O. asellus
produced more fragments than 7. rathkii. The presence of wood as an alternate substrate did not
significantly affect fragmentation. More broadly, these results indicate that laboratory
experiments should be conducted over short timescales and do not necessarily need to include
alternate or supplementary food for the study organisms.

In summary, the potential of soil invertebrates to affect microplastic dynamics,
complicating their effects on other organisms compared to what would be seen in a standard
ecotoxicological assay, should be considered when assessing this novel pollutant’s impact on soil

ecosystems.
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CHAPTER ONE: TOWARDS AN ECOLOGY OF SOIL MICROPLASTICS

Abstract

Microplastic pollution is a topic of increasing concern for the world’s oceans, fresh
waters, and most recently, soils. Microplastics have been found in soils across the globe. Like
other anthropogenic pollutants, they can negatively affect a range of soil organisms through
several mechanisms, though often dependent on particle size, shape, and polymer type. However,
microplastics are unique among pollutants due to the diversity of ways in which soil organisms
may themselves be able to affect their occurrence and distribution and mediate their effects on
the rest of the soil food web. In this review, we argue for a more explicitly ecological framing of
this novel issue for the soil environment and discuss their potential interactions with soil
communities, including microplastic formation via microbial and faunal fragmentation of large
plastic debris and organisms such as earthworms placing microplastic particles in unique
pedological contexts they could not otherwise reach. Ecological interactions may be crucial for

dictating microplastics’ ultimate fate and effect on terrestrial ecosystems.



Introduction

Concern over microplastics in the world’s soils has grown as recent studies have found
them both prevalent and potentially harmful to living organisms (Chae and An 2018, He et al.
2018, Ng et al. 2018) just as they are in marine environments (Ivar do Sul and Costa 2014).
Microplastics are defined as plastic particles with diameters under 5 mm (Hidalgo-Ruz et al.
2012), with particles under 0.1 to 1 pm in diameter often called nanoplastics (Gigault et al.
2018). Microplastics occur in many forms, with high physical and chemical diversity (Figure
1.1A, 1B). They originate from many sources (Blidsing and Amelung 2018) and are almost
certainly ubiquitous around the globe, being carried by wind to even the remotest places (Allen
et al. 2019). However, urban (Fuller and Gautam 2016), riparian (Scheurer and Bigalke 2018),
and agricultural soils (Liu et al. 2018, Piehl et al. 2018, Zhang and Liu 2018, Corradini et al.
2019) have so far received the bulk of research focus (Figure 1.1C). Soils are the basis of
virtually all terrestrial ecosystems and one of human society’s most important natural resources.
They provide ecosystem services such as sequestering atmospheric carbon, removing pathogens
and pollutants from water, recycling organic wastes, and of course, providing the crops and
native plants humans depend on with the water and nutrients they need to grow (Robinson et al.
2012, Nielsen et al. 2015, Wall et al. 2015). Soils also contain enormous biodiversity of microbes
and animals (Giller 1996, Origiazzi et al. 2016), which play crucial roles in the aforementioned
ecosystem services (Barrios 2007). Though microplastics have been known to exist in the oceans
since the early 1970’s (Colton et al. 1974), the earliest publication discussing microplastics in
soil is less than a decade old (Rillig 2012), and the bulk of primary research has only been

published since 2016 (Figure 1.2).
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microplastic concentration in (5) is given in particles g™!, not particles kg™'.
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February 18, 2019 searches of the ISI Web of Science database for the following combinations
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terrestrial, microplastic + agricultur®, and nanoplastic + soil (and is not exhaustive). The “Total
Microplastic” line in the left graph was produced by a similar search for the single term:

microplastic.



Despite their recent entry into the microplastic literature, soils may be even more prone to
such pollution than oceans, due to greater estimated release of plastic to terrestrial systems
(Horton et al. 2017). Indeed, microplastics are often more abundant in soils than in ocean waters
on a mass/mass or particles/mass basis (He et al. 2018, Rezania et al. 2018); the world’s
agricultural soils alone could hold more microplastic mass than oceanic surface waters (Nizzetto
et al. 2016). That said, to assume a given w/w microplastic concentration in soil has the same
ecological effect or indicates the same level of environmental harm as that concentration in
seawater is likely unwise.

The ecotoxicological effects on soil animals ingesting or otherwise exposed to
microplastics have been reviewed extensively (Chae and An 2018, Ng et al. 2018, Zhu et al.
2019) and so are only briefly summarized in this review. Most research has so far focused on
earthworms (Huerta Lwanga et al. 2016, Cao et al. 2017, Rodriguez-Seijo et al. 2018, Judy et al.
2019), though has included a fair assemblage of other animal taxa, such as springtails (Zhu,
Chen, et al. 2018, Ju et al. 2019), enchytraeid worms (Zhu, Fang, et al. 2018, Lahive et al. 2019,
Selonen et al. 2019), isopods (Jemec Kokalj et al. 2018, Selonen et al. 2019), oribatid mites
(Selonen et al. 2019), and snails (Song et al. 2019). The nematode Caenorhabditis elegans has
also been shown to ingest microplastics, which accumulate in the gut and may cause a slew of
negative physiological effects (Lei et al. 2018). C. elegans, despite being mostly found residing
in decaying plant matter rather than bulk soil (Schulenburg and Félix 2017), is still similar in its
feeding method to other soil bacterivores as well as aquatic species also known to ingest
microplastics (Fueser et al. 2019). Microplastics may also have non-toxicological effects, such as

particles immobilizing soil microarthropods by filling pore spaces (Kim and An 2019).



Though it is still hard to draw definitive conclusions from this literature base on the
relative threat microplastics pose to soil biota, these early studies concur with the wider base of
marine microplastic toxicology in that there is worrying potential (Anbumani and Kakkar 2018,
Rezania et al. 2018). However, experiments showing significant harm sometimes do so only with
microplastic concentrations beyond what is common in the current environment (Lenz et al.
2016, Phuong et al. 2016, Cunningham and Sigwart 2019). Trophic transfer of microplastics to
higher levels of the food web, commonplace in marine systems (Setéld et al. 2014, Carbery et al.
2018, Nelms et al. 2018), has so far been only indirectly shown in terrestrial environments
(Huerta Lwanga, Vega, et al. 2017). If microplastics can be transferred from prey to predators in
soil, it could result in microplastics escaping the confines of soil and spreading throughout the
aboveground food web, via the many terrestrial animals (including vertebrates) that consume soil
invertebrates, but requires further investigation.

Microplastics can also influence soil physical characteristics including bulk density and
water dynamics (Liu et al. 2017, de Souza Machado, Lau, et al. 2018, de Souza Machado et al.
2019), interestingly decreasing overall soil bulk density but increasing density of the rhizosphere
(de Souza Machado et al. 2019). This “ecosystem engineering” may be partly responsible for
microplastics’ effects on soil microbial communities (de Souza Machado, Lau, et al. 2018, Qian
et al. 2018) and plants (Qi et al. 2018, de Souza Machado et al. 2019, Jiang et al. 2019, Rillig et
al. 2019). Microplastics also affect these organisms directly. Plant roots can take up very small
plastic particles (nanoplastics) and their roots may suffer physical harm by adsorbing
microplastics (Kal¢ikova et al. 2017, Jiang et al. 2019). Plastics may serve as substrates for soil
microbes’ growth (Shah et al. 2008, Kale et al. 2015, Yoshida et al. 2016), and extensive

colonization of microplastic particles by unique communities has been observed in aquatic



systems (McCormick et al. 2014, Kettner et al. 2017) and more recently in soil (Zhang et al.
2019).

Though microplastics are considered pollutants, they may be more complex in their
occurrence and their interactions with biota than other commonly recognized pollutant classes
(e.g., persistent organic pollutants, pesticides, heavy metals, etc.). Individual pollutants within
any of these classes typically differ in their toxicological effects (Gao et al. 2016, Gan and
Wickings 2017, Yang et al. 2018), but they still occur mostly in molecular or ionic forms. In
contrast, microplastics exist in a vast diversity of sizes, ranging from nanometers to millimeters
in diameter; shapes, including fibers, spherical beads, thin films, and irregular fragments (Figure
1.1); and polymer types (Figure 1.1). These are critical factors governing their interactions with
biota. For example, (Lehtiniemi et al. 2018) found shrimp and juvenile fish to be more likely to
ingest microplastic particles of similar size to their normal prey rather than smaller or larger
particles. Irregularly-shaped secondary microplastics were shown to have greater negative effects
than uniform primary microplastics on the freshwater crustacean Daphnia magna (Ogonowski et
al. 2016) and the floating plant Lemma minor (KalCikova et al. 2017). Among several plastic
polymers investigated by (de Souza Machado et al. 2019), polyamide (PA) was the only one
shown to increase the nitrogen content of spring onion leaves, possibly because it contains
nitrogen in its chemical structure and may have thus leached nitrogenous compounds into the
soil.

Microplastics’ physicochemical diversity means it may be a mistake to consider them as
just another anthropogenic pollutant, no different from a pesticide, heavy metal, or organic toxin
(Rochman et al. 2019). In addition, their interactions with the soil ecosystem are more complex

than those of a chemical pollutant that harms some soil organisms through direct toxicity, while



perhaps being metabolized or otherwise rendered inert by others (Nannipieri and Bollag 1991,
Diaz 2004). Even heavy metals, for which interactions with organic matter have implications for
their mobility in soil (Kalbitz and Wennrich 1998), or which, in the case of mercury, can be
microbially altered into a more bioavailable form (Trevors 1986), do not interact with the soil
ecosystem in ways as diverse as microplastics can or with as diverse an array of organisms
(Huerta Lwanga, Gertsen, et al. 2017, Maal3 et al. 2017, Huerta Lwanga et al. 2018).
Microplastics are in some ways more reminiscent of invasive species than inanimate chemical
toxins, with effects on soil biota that can be mediated through effects on the physicochemical
environment (Eisenhauer et al. 2007, Alerding and Hunter 2019). Also, as with invaders (Shea
and Chesson 2002, Levine et al. 2004), organisms already present at a site may affect their
occurrence and distribution and mediate their effects on the rest of the food web (Huerta
Lwanga, Gertsen, et al. 2017, MaaB et al. 2017). Hence, our use of the word interact and our
argument for the value of a more explicitly ecological framing of microplastics in soil.

Past reviews on microplastics in soil (Bldsing and Amelung 2018, Chae and An 2018, de
Souza Machado, Kloas, et al. 2018, He et al. 2018, Ng et al. 2018, Zhu et al. 2019), of which
there have been many for such a recent field (Figure 1.2), have focused primarily on microplastic
occurrence and abundance in terrestrial environments, sources of soil microplastics, methods for
their extraction and quantification, and their ecotoxicological effects on soil organisms and
communities. We chose to focus on the role of ecology in governing the occurrence, distribution,
and ultimate impacts of microplastics in soil: in other words, on ecological effects on
microplastics in addition to those of microplastics. We propose that understanding microplastic
dynamics in soils requires that knowledge of soil physics, soil and polymer chemistry, and

toxicology be placed within an ecological context recognizing interactions between microplastics



and the biotic components of soil ecosystems. To this end, we describe interactions with

soilborne plastics first of microbes, then of fauna, and then of both in tandem.

Microbial effects: Colonization and degradation

Plastic is stereotyped as an inert material that does not biodegrade. To be sure, the
carbon-carbon backbones of many common plastic polymers make them more resistant to
enzymatic breakdown than many biological materials (Wei and Zimmermann 2017) and some
types of plastic may be virtually unchanged even after decades of burial (Otake et al. 1995).
However, exposure to the elements, particularly ultraviolet radiation, may sensitize some plastics
to microbial colonization and biodegradation (Vimala and Mathew 2016, Wei and Zimmermann
2017, Gong et al. 2019), and Otake et al. (1995) reported that polyethylene films were heavily
degraded after years of burial. Numerous soil microbes, both bacteria and fungi, have been
implicated in plastic degradation (Shah et al. 2008, Kale et al. 2015, Yoshida et al. 2016). This
has ramifications both for the fate of allochthonous microplastics introduced to a soil via
floodwaters (Scheurer and Bigalke 2018), sewage sludge (Corradini et al. 2019), or other means,
as well as for the potential formation of autochthonous microplastics from larger plastic debris

(Figure 1.3).
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Figure 1.3: Diagram of possible ways soil organisms can affect microplastic occurrence,
distribution, and potential effects on other soil organisms. Items in italics are speculated to occur

based on current knowledge, but have not yet been explicitly tested.

Allochthonous microplastics introduced to a soil may well be colonized by microbes, as
is common in aquatic and sediment systems (Harrison et al. 2014, McCormick et al. 2014,
Phuong et al. 2016, Kettner et al. 2017, Hossain 2019). Polyethylene microfilms from the
breakdown of agricultural film were found to host microbial communities unique from those of
soil, litter, and macroplastic surfaces (Zhang et al. 2019), though the extent of this across other
soils and microplastic types has yet to be determined. Degradation of colonized particles could
result in reduction of microplastic particle size as well as their eventual disappearance. Bacteria

isolated from earthworm guts caused a 60% reduction in total microplastic mass in a sterilized

10



soil in just 4 weeks and shifted the particle size distribution downward (Huerta Lwanga et al.
2018), indicating that biodegradation and fragmentation may be co-occurring processes.
However, microbes may not always colonize and degrade plastics in natural soils with other food
resources available (Ng et al. 2018). Microbes may prefer less energetically-expensive carbon
sources, and cometabolic degradation of plastic is unlikely to occur to any great extent in field
soils (Ng et al. 2018). Still, Liu et al. (2017) observed increases in microbial enzyme activity,
including phenol oxidase, which degrades recalcitrant organic matter, following microplastic
addition (albeit at high concentrations, 7 to 28% w/w) to a laboratory-incubated carbon-poor soil.
This indicates that at least some resident soil microbes can respond to the presence of
microplastics.

Macroplastic debris such as agricultural film or garbage may also face microbial
colonization, with potential for autochthonous microplastic formation. Some bacteria have been
shown to cause significant weight loss from agricultural film, though other studies report little to
no degradation (Vimala and Mathew 2016, Wei and Zimmermann 2017). Microbial action can
physically weaken plastic (Lucas et al. 2008), and as (Kyrikou and Briassoulis 2007) point out,
weight loss observed in any study may indicate physical fragmentation of plastic in addition to

degradation and mineralization or assimilation by microbes.

Faunal effects: Dispersal and positioning

Once transported to or generated within a soil, microplastics can be dispersed via both

abiotic and biotic mechanisms. Wind can move microplastics (Razaei et al. 2019) distances of at

least 95 km through the air (Allen et al. 2019), but presumably also over smaller spatial scales
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along the ground. Gravity and flowing water can also transport microplastic particles through the
soil matrix. Indeed, use of plastic microbeads to study particle movement through soil actually
predates microplastic pollution of soil as a research topic itself (Rillig, Ingraffia, et al. 2017).
Abiotic movement of microplastics through the soil matrix may be altered through biological
activities. Earthworm burrowing increases soil porosity and water infiltration rates (Lavelle et al.
1997, Capowiez et al. 2009, Bottinelli et al. 2015), which may enable deeper water-assisted
spread of microplastics into the soil profile (Rillig, Ingraffia, et al. 2017, Yu et al. 2017). Plant
roots can also move soil organisms as they grow and create channels for additional movement
(Dighton et al. 1997, Demarta et al. 2014) and thus may also facilitate passive microplastic
dispersal deeper into the soil profile.

Moving organisms may themselves disperse microplastics as well. Dispersal of soil
animals and microbes on and inside one another is a common process (Norton 1980, Koehler
1999, Tiirke et al. 2018), one with consequences for organism distribution in space (Dighton et
al. 1997), spread of parasitoids and pathogens (Campos-Herrera et al. 2012, Shapiro-Ilan and
Brown 2013), and even community succession (Terwilliger and Pastor 1999). Though plastics
obviously cannot actively hitchhike, they can still be passively dispersed on or inside soil
organisms (Maal} et al. 2017, Rillig, Ziersch, et al. 2017, Zhu, Bi, et al. 2018). Although
dispersal by springtails and mites has so far only been demonstrated in Petri dish arenas (Maal et
al. 2017, Rillig, Ziersch, et al. 2017, Zhu, Bi, et al. 2018), microplastics have been found in field-
collected earthworm casts (Huerta Lwanga, Vega, et al. 2017). Within soil pores, springtail
movement may also facilitate influxes of small microplastic particles (Kim and An 2019). This
could alter microplastics’ distribution in soil beyond what abiotic forces can accomplish alone,

including horizontal transport from a point source such as a piece of fragmenting plastic debris.
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In addition to simply moving microplastics, biotic activities may also place them in
pedological contexts they would rarely if ever otherwise occupy. Earthworms incorporate
microplastics into their casts and burrow walls (Huerta Lwanga et al. 2016, Huerta Lwanga,
Gertsen, et al. 2017, Huerta Lwanga, Vega, et al. 2017, Rillig, Ziersch, et al. 2017, Prendergast-
Miller et al. 2019). These casts and burrows comprise a unique microhabitat that soil ecologists
term the drilosphere (Andriuzzi et al. 2013, Sharma et al. 2018). Drilosphere habitats have
unique physicochemical properties (Gorres et al. 2001, Gorres and Amador 2010) and are
hotspots of microbial and faunal activity (Andriuzzi et al. 2016, Nuutinen et al. 2017). By
bringing these communities into close contact with microplastics, earthworms could enable
microplastic effects on other soil organisms that would not otherwise occur, or alter the severity
of microplastic exposure. The fecal material of any other organism that ingests and excretes
significant amounts of soil may similarly position microplastics for unique ecological
interactions, though the ecology of fecal material from isopods, millipedes, scarab grubs, and

other such organisms has not been as well described.

Microbes and fauna: Increased palatability and further fragmentation

Microbial colonization of plastics in soil may lead to broader ecological consequences
than just those of their own ability to degrade plastic. The “peanut butter on the cracker”
hypothesis (Cummins 1974) posits that aquatic detritivores derive most of their nutrition from
microbial biofilms covering the organic matter they consume rather than the organic matter
itself. Other studies in aquatic systems have lent credulity to this idea (McGoldrick et al. 2008,

France 2011), and it is thought to also apply in soil (Digel et al. 2014, Potapov et al. 2019). For

13



those detritivorous soil animals that consume organic matter simply as a means of obtaining the
microbial “peanut butter,” microbial colonization could make microplastics (or larger plastic
debris) more palatable than the typically virgin particles used in many laboratory studies (Figure
1.3). Some earthworm species are known to prefer colonized and degraded leaf litter to fresh
litter (Curry and Schmidt 2007, Ashwood et al. 2017), and Wright (1972) found that coating
strips of polyester foam with bacterial cells led to their consumption by the earthworm
Lumbricus terrestris (and harm to the worms as the foam lodged in their gizzards), strongly
supporting this hypothesis. In marine systems, the amphipod Orchestia gammarellus ingested
and shredded more plastic film material when it was colonized by microbial biofilms than when
not colonized (Hodgson et al. 2018). Galloway et al. (2017) suggest the ubiquity of microplastic
ingestion by marine biota could be due to microbial colonization of floating particles.

Animals consuming colonized particles would face all the attendant toxicological effects
of microplastics and their chemical additives. Yet the particles themselves could also be subject
to further fragmentation and/or biodegradation by the animals and their gut microbiota, to the
end of altering the size and shape of existing microplastics or generating new particles from
larger plastic debris. So far, true in vivo biodegradation has only been found in a few insect
species, namely tenebrionid beetle larvae (Yang et al. 2015, Peng et al. 2019) and pyralid moth
larvae (Yang et al. 2014, Bombelli et al. 2017, Kundungal et al. 2019), the latter of which are not
soil-dwellers. Yellow mealworm Tenebrio molitor larvae ingested polystyrene; approximately
half the mass was mineralized as CO», a small percentage was incorporated into biomass, and the
rest degraded into depolymerized molecules or smaller plastic fragments and excreted in feces
(Yang et al., 2015a, 2015b). This finding was replicated with 7. molitor populations from several

regions of the world (Yang, Wu, et al. 2018) as well as its congener 7. obscurus (Peng et al.
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2019). T. molitor was also found to be able to biodegrade polyethylene in much the same manner
(Brandon et al. 2018). Kundungal et al. (2019) fed polyethylene film alone or with beeswax to
larvae of the lesser wax moth Achroia grisella and observed partial biodegradation, with some of
the plastic excreted in feces. As with microbes, the studies demonstrating plastic biodegradation
in insects have been primarily laboratory-based, yet these species still consume plastic even
when also given more natural foods (Kundungal et al. 2019), as has been done in efforts to
optimize insect-based biodegradation technologies by improving insect health (Yang,
Christopher, et al. 2018). Given insects’ staggering taxonomic diversity (Stork et al. 2015), this
ability likely exists in additional insect species, and perhaps other soil arthropods and
invertebrates, such as earthworms (Huerta Lwanga et al. 2018).

Even if biodegradation sensu stricto is rare, both macro- and microplastics may also
suffer physical damage and fragmentation as they pass through animals’ guts, as was observed
for polyethylene terephthalate microfibers ingested by land snails (Song et al. 2019) and bag
films shredded by marine amphipods (Hodgson et al. 2018). Solitary bee species have been
shown to use fragments torn from large plastic debris as nesting materials, without ingesting
them at all (Maclvor and Moore 2013, Allasino et al. 2019). Much harder materials like quartz
and feldspar grains can be ground to smaller sizes by passage through earthworm and scarab
beetle grub guts (Suzuki et al. 2003), so it is possible that plastic particles could be likewise
altered by these and similar organisms that consume large amounts of soil. Reducing
microplastic particle size makes ingestion by smaller organisms more likely (Lehtiniemi et al.
2018), and so breakdown by larger organisms could increase microplastics’ availability to

smaller ones.
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Synthesizing ecology’s role

Microplastics are unique among anthropogenic pollutants in that their effects on
organismal and ecosystem function may strongly depend upon the organisms themselves as they
affect microplastic occurrence, form, and distribution (Figure 1.3). In other words, understanding
microplastic dynamics in a given soil will likely require some knowledge of that soil’s
biodiversity and ecology. (Lehmann et al. 2019) demonstrated that microplastic effects on abiotic
soil properties were partially mediated by soil microbial communities, and their effects on biotic
communities may be likewise dependent on those communities themselves. For example,
microplastics could have radically different effects in a European forest soil with a diverse
assemblage of native earthworms than in a similar North American soil in a remote area where
introduced earthworms have yet to reach, given what earthworms and their gut microbiota have
been shown to do to microplastics, dispersing them through soil and potentially reducing their
size through partial biodegradation (Huerta Lwanga, Gertsen, et al. 2017, Yu et al. 2017, Huerta

Lwanga et al. 2018). We find the following questions raised by the current state of knowledge:

1. What organisms can facilitate microplastic formation from larger plastic debris, to
what extent, and under what circumstances?

2. Once microplastics are present in a soil (regardless of source), what organisms
contribute to their dispersal throughout the soil profile, either vertically (deeper
into the ground) or horizontally (away from a point source such as a piece of large

plastic debris)?
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3. To what extent are the shapes and sizes of microplastic particles influenced by
microbial or animal biodegradation or physical damage due to passage through
animal guts?

4. Can organisms besides earthworms create circumstances of unique microplastic
positioning in soil that could not arise through abiotic processes, and what are the
consequences of this for other organisms?

5. To what extent can one organism’s effect on microplastic size, shape, or

distribution in soil alter their effect on other organisms?

Answering these questions will require inventive experimental designs, often involving
multiple soil organisms simultaneously, as well as further refinement of methods to extract and
identify microplastics in soil and invertebrate samples. Research into them could provide initial
insight into organismal and community functional traits predictive of specific microplastic
dynamic of interest. For example, heavily setaceous arthropods like pincushion millipedes
(Polyxenida) and some entomobryid springtails may be more likely to disperse microplastics
through the soil due to their setae more readily catching and retaining particles. Functional trait
indices have been proposed by soil ecologists to assess ecosystem responses to disturbance and
land use change (Vandewalle et al. 2010, Pey et al. 2014) and organisms’ contribution to
ecosystem services (de Bello et al. 2010, Wood et al. 2015), and one could possibly be developed
to predict how much a given soil community is likely to alter microplastic dynamics in that soil.
Also, any given microbial or faunal behavior that affects microplastics may itself be affected by
other community processes more well-known to soil ecologists. In laboratory assays, dispersal of

microplastics by springtails and predatory mites increased when both species were present
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compared to single species (Zhu, Bi, et al. 2018), likely due to altered movement behavior of the

two arthropods in each other’s presence.
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CHAPTER TWO: COUNTERSTAINING TO SEPARATE NILE RED-STAINED

MICROPLASTIC PARTICLES FROM TERRESTRIAL INVERTEBRATE BIOMASS

Abstract

The emerging threat microplastic pollution poses to soil and its biota necessitates
development of methods to detect microplastic ingestion by soil animals. Fluorescent staining
with Nile red dye has proven effective at distinguishing microplastics from inorganic and some
biological material, but is not suitable for separating them from invertebrate remains. Here we
report on the development and validation of a novel fluorescent counterstaining technique for
detection of microplastics within terrestrial invertebrate biomass and fecal material. After
staining with a blend of Calcofluor white and Evans blue dyes in addition to Nile red, ground
arthropod biomass appeared blueish-purple, whereas different plastic polymers appeared red,
green, and yellow when viewed under laser scanning confocal microscopy. Non-arthropod
invertebrate biomass and fecal material were also distinguishable from plastic, though to a lesser
extent. Our results highlight the value of this method for detecting microplastic ingestion by

terrestrial invertebrates.
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Introduction

Soilborne microplastics have exploded into recent prominence with research showing
their ubiquity in soils potentially matching or exceeding that of marine systems (Nizzetto et al.
2016, Blasing and Amelung 2018, Chae and An 2018), with concerning but not yet fully
characterized effects on soil biota and ecosystem function (Huerta Lwanga et al. 2016, Chae and
An 2018, He et al. 2018, Zhu et al. 2018, Helmberger et al. 2020). Microplastics have been found
in urban (Fuller and Gautam 2016), riparian (Scheurer and Bigalke 2018), and agricultural soils
(Liu et al. 2018, Zhang and Liu 2018, Corradini et al. 2019), and wind may disperse them to
even the remotest regions of the world (Allen et al. 2019). Determining which animals readily
consume microplastics, whether plastics are passed through animals’ guts, and how different
plastic types are affected by animal digestive processes are critical for understanding how
microplastics interact with soil communities and ecosystems.

Numerous methods have been developed for detecting microplastics in environmental
samples and biota (Hidalgo-Ruz et al. 2012, Cole et al. 2014, Avio et al. 2015, Karlsson et al.
2017, Blésing and Amelung 2018, Windsor et al. 2019). The hydrophobic fluorochrome dye Nile
red binds to microplastics, allowing them to be detected via fluorescence microscopy (Shim et al.
2016), either visually or via an automated system (Erni-Cassola et al. 2017). This technique has
been used to find microplastics in seawater (Erni-Cassola et al. 2017), marine sediment and
beach sand (Erni-Cassola et al. 2017, Maes et al. 2017), fresh water and sediment (Fischer et al.
2016, Wang et al. 2018), mussel tissue (Catarino et al. 2018), and earthworm casts (Wang et al.
2019), among other matrices, and has also been used to pre-stain plastic microfibers so they

could be detected in terrestrial snail guts (Song et al. 2019). However, Nile red stains numerous
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biological materials (Shim et al. 2016, Ruggero et al. 2020). Therefore, care must be taken when
identifying plastics from animal remains or feces (Erni-Cassola et al. 2017). Chemical digestion
is one solution to this problem. Hydrogen peroxide or enzymes that leave plastic unharmed are
commonly used to remove biological material from samples (Bldsing and Amelung 2018).
However, some biological material can survive this treatment and then be stained by the Nile red
(Stanton et al. 2019), making plastic differentiation difficult. 4’,6-diamidino-2-phenylindole
(DAPI) has been used as a counterstain along with Nile red to detect microplastics in water
samples (Stanton et al. 2019), as DAPI stains biological material with high specificity and
fidelity and so any particles exhibiting DAPI fluorescence could be discounted as biological in
origin, regardless of whether or not they were also stained by Nile red. The advantage of a
counterstain is thus the ability to further subdivide any fluorescing particles and reduce the
number of particles that need to be manipulated in further tests to confirm their identity as
plastics. The goal of our study was to develop an additional counterstaining technique capable of
distinguishing microplastics from the biomass of terrestrial invertebrates, evaluating a blend of

two fluorochrome dyes, Calcofluor white and Evans blue.

Methods

We developed and evaluated our counterstaining method through the course of several
trials assessing 1) the method’s ability to separate plastics from invertebrate biomass and fecal
material, 2) its ability to separate plastic microfibers from potentially contaminating cotton
fibers, 3) its recovery efficiency, 4) its ability to detect microplastics actually ingested by a living

invertebrate, and 5) its ability to detect microplastics in field-collected invertebrates.

34



General trial methodology — sample preparation

All tests of the counterstaining method involved fluorescence microscopy of mixed
samples of plastic and biological material caught on 42.5 mm Whatman glass microfiber filters
(pore size 1.5 um). We fixed all invertebrate specimens in filtered 70% ethanol, dried them at 65
°C for 48 to 72 h, then ground them in a mortar and pestle. The ground biomass was placed in
glass jars containing 15 mL of 30% hydrogen peroxide for 48 h. If the trial called for plastics to
be mixed into the sample, that was done at this step, so that plastics and biomass would be
stained together at the same time.

We then vacuum filtered the digested mixtures, let the filters dry, and pipetted sufficient
Calcofluor white/Evans blue solution (1.0 g L' Calcofluor white, 0.5 g L™! Evans blue, Sigma-
Aldrich) to cover the filter surface. We washed it with filtered DI water, and allowed it to dry
before staining with Nile red (0.05g L™! in acetone, diluted 10 times in n-hexane, Santa Cruz
Biotechnology) and washing with filtered n-hexane. A solution of Calcofluor white alone was
also tested (1.0 g L™!,