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ABSTRACT

Microplastics (MPs) have become an emerging threat to ecosystems across the world.
Transport, impacts, and fates are grossly understudied, especially in terrestrial environments. Current
research on MP bioaccumulation has focused mainly on aquatic organisms with little study of
terrestrial organisms, including snails where data are nearly nonexistent. To address this, we collected
and examined land snails and their surrounding soil for MP content in shell and tissue. From September
11, 2020, to October 25, 2021, cover boards were placed (n=30) along relatively undisturbed sites in
hardwood, forested areas, and tall grasses in a Wildlife Management Area (WMA) in Oak Ridge
Tennessee. A total of 150 individuals were collected and 2.2 Ibs of soil per site was taken directly
underneath coverboards. For comparison with a more disturbed habitat, 150 snails and soil were also
collected on the University of Tennessee campus from March 1, 2022, to July 10, 2022. Snails were
placed in 70% ethanol for analysis and digested for 24 hours using a 1:1 ratio of potassium hydroxide
pellets and sodium hypochlorite for organic matter removal. Samples were vacuum filtered, air dried
for 1 week and then examined via stereomicroscope. MP shape, color, and number were recorded, and
samples were examined twice, independent of one another to ensure accurate MP counts. Two tests
were performed if MPs could not be determined. The “hot needle test” causes plastics to deform and
melt when exposed to heat, and the “spring test” to examine the physical characteristics of the MP.
Results for the less disturbed WMA (Oak Ridge) showed total MP abundance at 214 particles in snails
and 478 for soils. MP counts ranged from 0 to 6 per snail and 5 to 33 per soil sample. For campus
(Knoxville), MP counts were higher, with a total of 270 particles in snails and 540 particles in soils.
MP counts ranged from O to 8 per snail and 7 to 35 particles per soil sample. This study confirms the
accumulation of MPs in land snails and indicates that higher human activity is associated with higher

densities of MPs in both snails and soils.
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SECTION 1. INTRODUCTION

The first plastics, created in 1862 by Alexander Parkes, led to the eruption of polymers that are
found in nearly every product today. In 1907, the first fully synthetic plastic was made and a new era
of microplastic (MP) pollution began. Plastic has since become a staple of a vast array of commercial
products, and there is increasing evidence that they may persist indefinitely in many environments.
Despite a long history of plastics pollution, environmental MP accumulation is a relatively new area
of research.

Microplastics were originally defined as small pieces of plastic fragments between 0.1-2mm
in size (Carpenter et al., 1972), but MPs now include any plastic particles <5 mm in diameter (Cole et
al., 2011). Plastics such as polypropylene, polyethylene, polystyrene, polyethylene terephthalate, and
polyvinylchloride make up the tiny particles, which are now widely transported into many habitats via
many pathways (Santos et al., 2015). Research in the past few decades centered on the fate and sources
of MPs with a recently emerging focus on both biotic and abiotic systems.

MPs form when larger plastic pieces are exposed to erosion, degradation, photo-thermal
oxidation, UV degradation, or friction (Li et al., 2018; Cole et al., 2011). Primary MPs come directly
from production of tiny plastic particles, and secondary MPs come from the fragmentation of larger
particles (Figure 1). Both are transported via several media (Gola et al., 2021). Freshwater systems
carry a significant number of MPs (Figure 2) providing nearly 80% of the total input of plastic into the
oceans (Andrady, 2011).

This poses significant concerns about mechanisms of transport and the toxic effects of MPs,
including adsorption of many other chemicals or toxic substances (Andrady, 2011). With over 350
million tons of plastic produced worldwide every year, there is enormous potential for plastics to have

harmful impacts on ecosystems at many scales (Lim, 2021).

Despite this threat, we are far from a full understanding of the accumulation, distribution, and
effects of MPs. Furthermore, MP research has largely focused on oceanic areas, and only recently have
high quality studies been performed on freshwater and terrestrial environments (Eriksen et al., 2013;
Wright et al., 2013; Sul et al., 2014). It is therefore critical to develop studies on MPs in freshwater

and terrestrial ecosystems for a full understanding of MP transport and impacts.
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Figure 1 Potential microplastic classification types of fragments, pellets, films, foams and fibers.
Modified from Dr. Alexander Kunz of the Microplastic Research of Taiwan.
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Figure 2 Transportation mechanisms of microplastics via terrestrial, aquatic, and atmospheric
deposition.



SECTION 2. BACKGROUND

Microplastic accumulation in snails

Until recently, studies concerning organismal MP uptake and biological effects have been
relatively rare. Marine organisms including mollusks, fish, and crustaceans, are commonly examined
across multiple species from within the same taxa (Xu et al., 2020). This study expands MP research
to a relatively understudied group (gastropods) in an understudied environment (terrestrial). Even
though MP research has become prominent in the past few decades, research quantifying MP particles
in gastropods has been rare in recent years. Gastropods have previously been used as bioindicators for
monitoring heavy metal pollution due to their tendency to accumulate heavy metals and resistance to
long term effects from bioaccumulation (Samsi et al.,2017). Reproduction and survival are often used
as indicators of stress and nutrient absorption within an ecosystem, and the same techniques used to
examine heavy metal pollution have been applied for MPs (Mardsen et al., 2015). When examining
gastropods in marine environments Xu et al. (2020), found six types of MPs (cellophane, polyethylene
terephthalate, polyamide, polypropylene, polyethylene, and polyacrylonitrile) apparently related to
feeding mode and biological criteria. When compared to other organisms there were significantly more
MPs found in gastropods.

The primary source of MP uptake in gastropods is not fully understood but is apparently related
to contaminated food sources (Weber et al., 2021). Several studies have sought to examine the methods
by which MPs are digested, and these often attempt to establish standardized procedures to ensure the
highest efficacy. The most common method is to capture live snails and purchase varying shapes,
colors, and sizes of MPs to mix with substrate and food (Song et al., 2019; Weber et al., 2021). Live
snails are subjected to a 48 hr+ detoxification time to ensure they are clear of MPs and are then fed the
MP mix to examine the digestion processes and effects. One important study has found that, given the
same amount of MP particles per individual, the concentration between species changed dramatically
(Naji et al.,2018). This indicates that the uptake and bioavailability of MPs is species-dependent and
creates a poorly understood set of vulnerability factors. When snails were examined in an uncontrolled
setting, Zhang et al. (2020) found that within the Beibu Gulf, MPs in the same species of gastropods
changed dramatically depending on the location. Even within the same estuaries, the MP difference
can be significant (Zaki et al., 2021). This further compounds complexity, as the proximity to
urbanization can play a major role on the amount of MP exposure. It has been theorized that an increase
in MP concentration in pore water may increase concentration in organs but there have been no

conclusive results (Zhang et al., 2020).



One of the first attempts to study how MPs could be transferred among different trophic levels
through mucus retention during gastropod locomotion found two main kinds of transfer (Weber et al.,
2021). First, MPs were found to be retained at significant levels in pedal mucus. This resulted in small
molluscan herbivores such as periwinkles, who feed on the mucus, to ingest the MPs. Second, through
predator-prey interactions the MPs could be consumed from contaminated prey. MP size, density,
abundance, and color have been theorized to play an important role in how species interactions,
whether passive or active, can influence the uptake and transfer (Wright et al., 2013). Gastropods play
an active role in food webs across many environments, and this highlights how easily MPs can
bioaccumulate across trophic levels. This type of primary and secondary consumption of MPs has
rarely been examined, posing a gap in understanding how common species that play a significant role

in food webs interact with surrounding biota in areas with substantial plastic input.

Understanding that MPs may be transferred via a series of interactions and areas is important,
but analyses that look specifically at the number of particles within individuals and among species is
often overlooked, especially in the land snails. The baseline level of MP particles in land snails is
unknown, as many snail species have never been examined. Indeed, the first documentation of MPs in
land snails occurred in 2019 (Panebianco et al., 2019). Since then, there have been many studies

conducted on other invertebrates including marine snails, but none published on land snails.

The importance of gathering baseline MP data in land snails is further illustrated by the known
MP variation from marine snail studies. These studies document drastic variations in MP
concentrations, from 0-40 MPs per snail to as many as 300 particles per snail (Kleinschmidt et al, 2021;
Hamra et al, 2019). This indicates that a large amount of MP abundance data will need to be gathered
in order to understand and characterize the wide MP variation that may be present in land snail

populations.

Microplastic Accumulation in Soils and Freshwater
There are currently no widely accepted standard methods for extracting MPs from freshwater

or terrestrial sediment. Instead, there are a wide variety of methods used that typically combine density
fractionation, sieving, and acid digestion (NOAA, 2015). Some studies have attempted to develop cost-
effective methods utilizing small-scale PVC devices using gravity and a series of sieves to separate
MPs from sediment (Coppock et al.,2017). These separation methods have not been well established
however, and the sediment cores themselves represent an additional labor-intensive process of

extraction.



One of the first studies of freshwater MPs found that particle counts in large freshwater lakes
can reach a maximum of 450,000 per sq km (Eriksen et al., 2013), and can vary by three orders of
magnitude, from 450 to 450,000 per sq km. Other studies have sought to examine specific sources such
those from distinct agricultural sources, but results are inconclusive about the amount of these plastics
relative to other pollutants (Chen et al., 2020). These studies highlight the many challenges of terrestrial
MP research, such as the differences between urbanized and non-urbanized areas, proximity to point
sources, and distinguishing plastic from non-plastic particles. Because of their concentrations in the
medium, MPs in small and urban water bodies may cause outsized impacts when compared to vast
oceanic areas (Vaughan et al., 2017). Several factors may influence the deposition of MPs in urban
areas. These include: water characteristics involving inflow-outflow patterns, sediment accumulation
rates, point and non-point sources, proximity to bodies of water, atmospheric deposition of MPs, and
native properties of the MPs (Dris et al, 2016; Simmerman et al, 2019; Darabi et al, 2020).

There have been attempts to quantitively examine the abundance of MP particles in industrial or
urbanized areas, and these offer insight on the type and rate of deposition. Farmlands are often
targets of MP research as large areas of plastic cover are placed and tilled continuously in the soil.
Sediment cores have been examined (Figure 3) in these areas to determine rate of MP accumulation
over time and these studies have concluded that most MPs are found within the upper soil layers at
concentrations up to 6 times the deeper layers (Willis et al., 2017).

Current microplastic identification methods

There are several ways to characterize MPs into various categories of shapes, textures, and
compositions. However, these are often costly, time consuming, damaging, or disregard certain types
of plastics. In general, both terrestrial and aquatic samples first undergo pre-treatments including
density separation, acidic or alkaline digestions, or visually removing plastics. Organic matter is then
often separated by hydraulic pumps through nano or micro sized filters for analysis. Currently, three
methods are among the most commonly used for identification of remaining particles: Fourier
Transform Infrared Spectroscopy (FTIR), optical stereomicroscopic examination, and
dyes/influorescence.

FTIR is widely used to confirm plastic types by examining characteristics of infrared
absorption patterns of different materials. In this method, discrete particles can be located and
analyzed, or a single IR scan can provide the bulk chemical makeup of all materials within an image.
The benefit to using FTIR is the ease with which samples can be prepared via filtration and then

analyzed with the assistance of machine learning algorithms. As sample size can often number into
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the thousands, this automation is highly efficient. However, FTIR microscopes are costly and
machine learning for microplastics is still in development and plastics are commonly miscategorized.
In addition, spectra libraries for identification can be limited, which can result in fewer plastics being
recognized than are actually present. Despite these obstacles, FTIR remains one of the most useful
and growing tools for MP identification.

Stereomicroscope identification, the chosen method in this study, is likely the most widely
used form of characterization because of its low cost and simplicity. This method relies on visual
depictions and heat testing of particles to determine characteristics of plastics (Blair et al, 2019;
Mariano et al, 2021). Magnifications of 30X and higher are often used, and particles above 1mm in
their longest dimension can generally be identified confidently. Observing objects this way uses
reflected light from illumination sources above and below the sample. Higher magnifications can
help show detailed structures of organic material and at 50X+ magnification the minimum visible
size is nearly 100 microns. This method is cheap, accessible, and requires minimal training. There are
drawbacks, however. This method generally must be combined with highly efficient chemical
digestion, as dense sediment that is not digested can interfere with counts. A frequent problem with
identification is human-induced bias. Often, observed particles may not appear as plastic to one
observer but may be to another. For example, organic fibers can be included in counts as MPs unless
additional identification criteria are used. Similarly, there is significant difficulty in counting clear
plastics, particularly in areas with sand. Some of these misidentification problems can be minimized
by using heat and spring tests on all particles (Reichert et al, 2021; NOAA, 2015), but this is time
consuming and may not be suitable for large sample sizes. Therefore, a best practice is to ensure that
multiple observers are trained to repeatedly examine the same samples to get the most accurate MP
count.

Finally, a narrower but highly accurate process involves the use of fluorescent dyes
(Karakolis et al, 2019). A fluorescence microscope examines emissions of fluorophore that occur
either naturally or artificially. Organisms naturally produce some fluorophore within their tissues,
and this can be examined by exposing the sample to light to excite the fluorophore molecules. This
creates a radiating fluorescent light that differs in intensity depending on the abundance of
fluorophore molecules. Microplastics largely have an innate ability to reflect inflorescent light, and
this is useful when attempting to detect difficult to identify or nano-sized MPs. The response to
inflorescence is largely dictated by the chemical makeup of the specific polymer and varies greatly.

New tools have been recently introduced to refine dye methods and show promising results.

Nile Red is a lipophilic stain that normally does not fluoresce but can greatly fluoresce when exposed
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to lipids. This stain can therefore be used in examination of biological tissues and cell structures.
When combined with digestion of organic matter, clear and transparent particles become stained a
deep red and can be counted, reducing miscounts of MPs as long as the digestion process is highly
efficient. As with other methods, there are drawbacks. The wavelengths of light generated from
inflorescence are not contained inside a single area. The inflorescence can occur in areas surrounding
the samples resulting in background noise. Additives to MPs also pose a significant drawback in the
accuracy of fluorescence measurements through impurities because they can change the level of
fluorescence, which can only be remedied by pre-treatment removal.

In summary, despite the lack of definitive standards for examining MPs, significant strides
are being made toward more accurate and faster analytical methods. Currently, a combination of

methods is likely to provide the highest Efficacy for accurate MP counts.



SECTION 3. MATERIALS AND METHODS

Site Selection and Snail Collection

Sites were not chosen based upon any elevation gradient, habitat type, or biotic factors, but
were chosen based on disturbance level: accessibility, visible litter, estimated foot traffic and proximity
to urbanized areas were all used as site selection factors. The Wildlife Management Area (WMA) in
Oak Ridge, TN and University of Tennessee (UT) campus sites were chosen because of the contrasting
amount of human disturbance, with the WMA site being less disturbed. The WMA area located in Oak
Ridge is locked behind gates requiring an access key and has nearly nonexistent visible litter in the
sampling areas and is considered less disturbed. The UT campus is a constantly disturbed landscape
with routine mowing, mulching, foot traffic and dense human activities. The UT campus in Knoxville
TN is publicly accessible, contains large amounts of visible litter, and experiences frequent foot traffic

and is considered a more disturbed area

To remove sampling bias the ArcGIS randomized points tool was used to select points within
a boundary for each site. If the pre-determined randomized points were not accessible (e.g., roadways,
waterways, non-permitted areas), the closest area to a surveyed point within a 5 meter buffer was

selected.

This study focused only on the gastropod macrofauna (snails larger than 5mm) because
microsnails (species less than 5 mm) are less likely to contain as many MPs or the same diversity of
MP types as larger snails, and microsnails are more difficult to identify taxonomically. We used non-
standardized cardboard pieces as coverboards for gastropod collection along Solway Bend Farm Road
and Bull Bluff Road at the WMA and at the (UT) campus in Knoxville, TN.

Wildlife Management Area

Boards (n=30) were placed in accessible areas between 9/11/20 and 10/25/20. Thirteen boards were
placed in areas composed mostly of tall grasses or open field edges, and 17 boards within hardwood
forested areas as indicated by Figure 4.A total of 9 collections were conducted from 9/19/20 to 12/1/20.
All gastropods (macrosnails and slugs) found on boards were collected and placed in a tube of 70%
ethanol for laboratory analysis. Data recorded during collection included total number of gastropods
collected, number of snails, number of slugs, and environmental data including relative humidity, dew
point, wind speed average, temperature range, current weather, and recent weather (within 48 hours).

Coverboards were replaced as needed if too weathered or destroyed by animals.
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UT campus

Sampling on the UT campus (Figure 5) utilized the same methods noted above, within two
different habitat areas. Boards (n=30) were placed 04/01/22 and collected through 08/01/22. Seventeen
Boards were placed in light forested areas or in dense shrubs and ornamental vegetation, and 13 Boards
were placed in open short grass areas. Both sampling habitats were located near highly disturbed areas
such as parks and roadways. Many areas with shrubs were frequently mulched, and due to human
activity, the campus sampling sites experienced frequent destruction of coverboards which were

replaced 3X more frequently than Oak Ridge sites.

Snail Subsample Collection

The possibility of introducing a sampling bias from contamination of the coverboards was
considered so a separate sampling technique was developed. Coverboards were paper based cardboard
but could potentially accumulate MPs from open air and during transport. This could increase the MP
presence at each site and artificially inflate intake of MPs in snails. Therefore, this sampling was used
to compare MP count to ensure no bias was introduced. 35 samples were collected from 6 randomly
chosen sites from each area and hand sampled for snails. Samples were collected within a 4-foot buffer
of the previous coverboards to ensure the same microhabitats. Snails were collected using metal
tweezers, washed with ethanol, and placed into glass tubes. These samples were compared with
coverboard samples to determine if there were any significant differences due to contamination as

outlined in the Results sections.

Chemical Digestion Selection
The most common methods of MP study rely on acid digestion of organic material to isolate

MP particles followed by counting the number of particles under a microscope. However, it is difficult
to find a digestion chemical that results in low chemical damage to plastics, and there are many
methods that can result in the deformation or distortion of plastic pieces, leading to inaccurate results.
Common plastic polymers have varying resistances to different chemical combinations (Figure 6). If
the effects of MPs are to be understood, it is essential that high quality methods are developed to

successfully identify and analyze plastics without introducing these sources of error.
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Figure 4. WMA sampling locations in a secluded, low disturbance area. Bull bluff road (yellow),
Solway Bend Road (green) and coverboards (blue).
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Figure 5. Sampling locations at the University of Tennessee. Perimeter defined by black lines and
sites by red squares.
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Early methods for quantifying particles involved experimental plans that used combinations of
iron sulfate, sodium chloride and wet peroxide (NOAA, 2015). This combination resulted in digestion
of organic matter but not at an acceptable rate. A need for more efficient digestion resulted in the use
of stronger chemicals such as potassium hydroxide, sodium hypochlorite, and nitric acid (Shim et al.,
2017; NOAA 2015). Still, many problems exist with under-digestion, polymer destruction, and
significant foaming (Li et al.,2018; Enders et al., 2017; Turner et al., 2019). A variety of different
methods need to be utilized to discover the most efficient way to dissolve organic matter and to create

an effective plan to both digest sediment and snail tissue.

A protocol was developed based on the work of Enders et al. (2017; ICES Journal of Marine
Science) and was adapted and used for acid/base digestion. Acid digestion and heat drying are typical
practices when dissolving organic matter to differentiate organic material from MPs (Li Ruilong et al.,
2019; Panebianco A. et al.,2019; Song Yang et al., 2018). Specifically, Nitric acid (HNO3) and
hydrogen peroxide (H202) are frequently used, but each has significant drawbacks in altering the
morphology of MP particles (Figures 7 and 8) and failing to completely dissolve organic material
(Enders et al. 2017). Recently attempts have been made to use sodium hypochlorite (NaCIO) and
potassium hydroxide (KOH) but the studies are limited and have not been attempted with calcium
carbonate shells. Further, it has been shown that drying samples at temperatures from 40-80°C have
caused destruction across varying types of plastics (CITE THIS).

In this study, digestion Efficacy and potential polymer damage were determined by a subset
experiment using H202,HNO3,KOH and NaClO. Polystyrene, and low-density polyethylene were
examined due to high abundance in the environment and generally low resistance to chemical
degradation. Polyvinyl chloride was chosen for the experiment due to its high chemical resistance and

lower abundance in the environment.

To test the effect of different digestion agents, organic matter and plastic were weighed and
combined with various chemicals (see below). The resulting weight difference of plastics and organics
from pre-digestion to post-digestion was used to determine the efficacy of each chemical, and to see if
any damage was present on the plastics. 15 commercially-available pieces of uniform size and shape
(5 polystyrene, 5 low density polyethylene, and 5 polyvinyl chloride) were placed in a digesting
solution with organic material. Prior to digestion, each piece of plastic was examined via microscope
at 50X magnification to ensure prior damage was recorded. Nine grams of plant and snail material
were added to 25ml each of h202 (30%), HNO3 (85%), HNO3 (60%), KOH (85%), KOH (85%) +
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NaClO (14%) respectively. Five samples were replicated for each chemical group (25 total) and a

subset of 5 control groups in water were later tested for efficacy of heat drying.

First, control groups containing water and 15 pieces of plastic were heat dried to determine if
damage was present. Second, digestion Efficacy was established to determine high efficacies >75%
between groups. Next, high efficacy groups were examined for chemical destruction. Efficient drying
after digestion is important, as moisture can cause microplastic identification difficulties during
analyses. Five samples per control group were shaken for 24 hours, placed on a petri dish and cotton
filter and dried at 40, 50, and 60°C for 10, 20 and 30 minutes respectively in an incubator oven to
determine if oven drying would cause significant heat destruction. Following microscope examination,
drying across all samples occurred at 30 minutes but heat damage was significant. Therefore, ambient

temperature drying for 7-14 days was used as needed.

Dried samples were weighed and then shaken for 24 hours on an orbital shaker, vacuum filtered
via a dried cotton filter, air dried for 7 days and then examined under a stereo microscope for
morphological changes or chemical bubbling. Final digestion efficacies were calculated using the

following formula:

Initial Weight — Final Weight
Initial Weight

Digestion ef ficacy (%) = 100

The highest efficacy chemical with the least destruction was KOH (85%) + NaClO (14%) with
a high digestion Efficacy (90%) with little to no chemical degradation. Therefore, KOH and NaClO
were chosen and data from each experiment was compiled and shown in Table 1.

Sample Preparation

Contamination of samples by MPs from external sources such as airborne particles, lab
clothing, and equipment is a frequent problem when examining MP abundance in gastropods (NOAA,
2015). To prevent such contamination, all filters, materials, and tools were cleaned thoroughly using
deionized (DI) water that was vacuum filtered through a 0.47 pm pore size nylon membrane. Glass
petri dishes, vials, and aluminum tweezers were used to minimize contact with plastics. Cotton lab
coats and masks were worn, hands were washed three times between touching materials, and all
sampling and cleaning was done in a closed room with minimal foot traffic and movement to prevent
stirring of existing particles. A Honeywell HP300 0.3-micron filtration system was used to help further

eliminate existing airborne contamination. Background contamination blanks were placed in the lab
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750 ym

Figure 7. Optical microscopic examination of heat damage on a piece of polystyrene foam. Scale bar
is 750 microns.

17



Figure 8 Chemical bubbling on a piece of Polyethylene plastic at 750 microns.
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Table 1 Digestion Efficacy for selected chemicals and damage examination for heat drying and chemical use. No damage recorded (NA); Low damage recorded (L); High damage
recorded (H).

Chemical
Oven damage °C damage
Chemical Organic Mean Microplastic Mean Total Mean Final Digestion Efficacy
N Name matter (g) Weight (g) Weight (g) Weight (g) (%) 40 50 60
5 H202(60%) 9 1.0579 10.0579 4.02316 60 L H H L
5 HNO3 (85%) 9 1.074 10.074 0.80592 92 L H H H
5 HNO3 (60%) 9 1.033 10.033 2.0066 80 L H H H
5 KOH 9 1.054 10.054 2.0108 80 L H H L
5 KOH/NaCl 9 1.043 10.043 1.0043 90 L H H L
5 H20 9 1.065 10.065 9.56175 5 L H H NA
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for each session to determine background levels. Should airborne MPs be present on the sampling
blank, re-evaluation and cleaning would occur on all materials, and samples were reanalyzed
accordingly. Control digestion samples were processed for every 12 digestions to ensure contamination
was not occurring and were re-examined between samples (Davison & Asch,2011; Foekema et al.,

2013). Any contamination that was discovered was recorded and compared to other samples.

Snail Digestion

Snail digestion began by combining 175ml of filtered DI water with 37.5 ml of saturated KOH
solution (280g/250ml) and 37.5 ml NaClO solution (14% active chlorine) and stirring for 5 minutes
with a glass rod before transferring to a mason-jar container. Individual snails that had been allowed
to air dry were weighed, cleaned with DI water to remove ethanol, and transferred to a clean conical
tube. 5ml of solution was transferred to the tube with a glass syringe, shaken at 180 RPM and left to
digest for 24 hours. Following digestion, the remaining solution was vacuum filtered through a 0.47
um nylon membrane. During filtration, all open-air containers, regardless of contents, were covered
using a glass petri dish to ensure that particles drawn into the lab space via suction or ambient air flow
were not landing on samples. Further, all instruments were placed in a previously cleaned aluminum
pan to prevent potential contamination from counter surfaces. DI water was run through the filter
following each sample to ensure no residual MP particles in the attachment tubing. The filter was then
transferred onto a clean glass petri dish to be dried. Secondary drying ensured that any residual
moisture did not hinder the ability to identify MP particles. All instruments and filter containers were

thoroughly cleaned following each snail digestion.

Soil Collection

Soil samples were collected at each snail coverboard location. Soil MP concentration and
variation have been poorly documented, especially in the region of interest. Indeed, while most plastics
are found within the top 5 cm,the abundance of MPs within the same area may show heterogeneity..
Therefore, 4 samples were taken at each coverboard corner and combined to be representative of the
soil characteristics of that area. In all, 120 samples were taken from each sampling region, given 30
coverboard locations each. Glass mason style jars with aluminum lids and a metal shovel were used to

collect these samples. Samples were labeled and placed in a covered cardboard box for transport.

Soil Isolation Unit Design

Accurate and efficient methods for examining MPs in soils using density separation are

lacking. Soil Isolation Units (S1Us) have only recently been developed to aid in the extraction of
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microplastics, but designs are in early stages and focused on cost Efficacy and wide distribution
(Figure 9). An improved prototype SIU was designed and developed for this project to address the
flaws in previous studies (Figure 10). Soil isolation units are normally designed utilizing cheap and
easily replaceable PVVC or polyethene valves and tubing, but the use of plastic materials creates an
environment in which contamination may be introduced from the components physically breaking,
wearing, or abrading, or through the use of chemicals during separation (Figure 11). Because of this,
plastic SIUs require considerably more control blanks to be tested. In fact, with little as 20 uses
contamination can occur, and often unknown particles may be introduced (CITE THIS). Avoiding
contamination with plastic SIUs requires priming with the chemicals to introduce some lubrication
and prevent abrasion from ball valve use (Figure 11), but the process does not entirely prevent
contamination from occurring (CITE THIS). The new unit was designed in autocad2D, and a
prototype was developed using the same materials as previous studies (PVC, PET) to capture
accurate dimensions and for testing (Figure 9). Ultimately, the improved SIU was constructed using
iron “tubing” and a metal faucet valve, which provided increased durability and eliminated any
potential plastic contamination from the device itself (Figure 10). Inexpensive materials make this
SIU an easy and affordable testing device that could be remade should the dimensions or design
contain flaws. This was mainly utilized to test the allowable capacity of soil particles to move

throughout the device.

Soil Density Separation

After collection and transport of soil samples, each was transferred into triple-cleaned 100ml
glass vials to be air dried for 2 weeks. Small holes were created in the aluminum foil covering to allow
for evaporation of moisture, and vials were placed inside a closed drawer. Five blank filters on petri
dishes were placed within the same area to test for potential background airborne contamination.
Following drying, the samples were processed through a series of sieves to break up clumps that could
potentially contain microplastics and to aid in density separation. Stainless steel mesh sieves of 2000
pm, 2000 pm — 250 pm, and <250 um were used, and each size fraction for each site was combined
and weighed to extract 100g. The separation method here was adapted from the University of
Tennessee environmental and soil sciences. Ludox TM-50 was chosen as the separation medium due
to its high density (50% silica solution at 1.4gcm”3). The SIU was triple cleaned and filled with 120

ml of Ludox TM-50 before each use. Fifty grams of each sample was weighed for the procedure, which
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Figure 9 Soil Isolation Unit schematic and unit made from Poly-Vinyl Chloride tubing, and tin foil. Use
granted courtesy of Dr. Coppock, Plymouth Marine Laboratory.
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Figure 10 Improved SIU designed to prevent plastic contamination for use
in small-scale density soil experiments
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Figure 11 (a) Soil isolation unit as previously designed by Dr. Coppock; (b) degradation from wear
and tear of unit; (c) Lubrication of unit to prevent degradation; (d) contaminated particles from
device, Nel et al. 2019.
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was repeated for a total of 100g of processed soil per site. Each volume of soil was placed into the SIU
and shaken vigorously for 2-3 minutes. The resulting mixture allowed to separate and the low-density
particles to float to the surface. Periods of 30 minutes or more resulted in no significant changes in
settling in any samples. The ball valve was then closed to separate the supernatant from the dense soil
particles. Each sample had additional Ludox poured after the initial separation to ensure any left-over
particles were collected. The supernatant then followed the same procedure as previously outlined in
the snail digestion. It was poured through a vacuum pump, 0.47 pum cellulose acetate filter and rinsed
completely with deionized water. Samples were then placed in a covered glass petri dish to air dry for
7 days to await microscope examination. While running samples through the SIU unit, blank vials
containing only Ludox were also analyzed. Outlined by Nel et al., testing for contamination via blanks
is necessary despite our SIU containing metal components. Striations from repeated use are common
and could potentially contaminate samples. Despite having no plastic material in our SIU, all fragments

were tested to ensure that contamination was not occurring via the hot needle test.

Validation

Validation of the efficacy of the SIU was needed to determine the rate of recovery of plastic
particles. Distinct plastic particles of PVC, PET, and PS were created in sizes from 800 pm to 3000
pum from commercially available plastics. Fifteen pieces per blank were randomly chosen, recorded,
and placed within sediment. 5 total spiked sediment blanks were created and subjected to the same
procedure as described above. Each blank was examined independently by two observers and recovery
rate was recorded. Commonly, multiple observers are used to achieve an average observable mean of
recoverable plastics. However, previous SIU experiments have shown that individual bias for
controlled experiments on what is perceived as plastic can vary widely. To control for this, every blank
was examined within the same session by two observers, counts were recorded, colors, size and every
piece that was perceived as plastic was tested by the hot needle test. Further, a procedure for
microscopic and filter examination (described below) was developed to allow observers to examine
the location of perceived plastics for testing. This greatly enhanced the recovery rate for plastics and
eliminated the need for ANOVA testing and caluclation of range differences between observers. It is
suggested that SIUs are used with the ball valve open to reduce contamination, but the design and

material, although costlier, in the this experiment’s SIU eliminates these potential pitfalls as well.

25



Filter Reading Procedure

A filter reading procedure was used to help observers correlate previously seen plastic pieces
and to also ensure that all observable particles were recorded (Figure 12). Pieces were only recorded
if they were within the filtration perimeter defined by the chemical solution used. Often, filters that did
not dry completely, or were exposed to slightly higher chemical concentrations for longer periods of
time became curled or suffered a slight bend that made analysis difficult. This study elected not to glue
down filters in order to minimize contact with the air. Filters that curled were examined thoroughly
from different angles with adjustable lighting. Each filter was examined grid square-by-grid square,
moving from right to left beginning at the same location by each observer. Although rare, some
digestions resulted in scorching and dissolving of filters rendering it extremely difficult to detect MP
particles. In these cases, filters were discarded and unable to be counted to prevent speculation of
suspected particles. Digestion solutions were also diluted with 10ml of water and retested on blank

filters.

Microscope ldentification

Following digestion, the petri dishes and filters (both snails and soils followed the same
process) were examined under a stereomicroscope with a camera attachment at 40-50x magnification.
Samples were examined without removing the lids to the petri dishes to prevent any contamination
unless physical testing was needed. Commonly, materials other than MPs are mistakenly categorized
together, such as organic matter, glass, and sand (Shim et al., 2017; Chen et al., 2020). Microplastic
identification was conducted visually and will follow previous guidelines outlined below by the Marine
and Environmental Research Institute below. Shape, color, erosion, type, length, and number of
particles were examined, and common particles were photographed and analyzed in Image-J (after
Schneider, 2012). Due to the number of particles and samples, and time required to fully analyze each
sample, not every MP particle was photographed. However, a variety of rules and tests were followed

to ensure the accuracy of plastic particle identification (see following section).

Microplastics have typical characteristics that were considered each time a questionable piece was
discovered. Particles were only counted if they were less than 5mm in longest dimension, but
particles sizes are often exceedingly difficult to estimate due to curling or fragmentation. Therefore,
sizes were estimated based on grid square sizes of 3mm with many difficult to size particles

measured via Moticam measurement software.
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Figure 12 (a) filter reading procedure on a clean filter moving from top right corner left (b) good
digestion low organic matter (c) bad digestion, shifting of shells and large organic matter (d)
excessive concentration and digestion.
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The length of all particles was examined throughout to find homogeneous color, shape, and thickness
as most plastics show these qualities. There were rare instances in which severe damage was caused
by bleaching or mechanical means. These pieces were examined more thoroughly on a case-by-case
basis. However, all particles identified in this way lacked organic structures that are commonly seen

in plant or animal matter.

The hot needle test (Figure 13) developed in 2014 is an easy and low-cost method to
distinguish organic matter from plastic (De watt et al, 2014). Plastic has unique characteristics that
differ from organic material and experience morphological change when exposed to high heat. The hot
needle test is generally performed on pieces that are questionable, but this study laboriously conducted
this test on every piece of plastic to compensate for inaccuracy in human perception while counting
pieces. When plastic is exposed to high heat it will curl, melt, spread apart, or bubble. Non-plastic
pieces will either persist with no changes or burn quickly. The only exception to this test is if the heat
from the needle is not hot enough to melt plastic. Therefore, some unknown particles that did not burn
were tested multiple times to ensure accuracy. Secondly, the spring test was performed in instances
where neither visual inspection nor the hot needle test indicated plastic. Plastic will generally spring
back when moved or forcefully squeezed by tweezers but will not break unless significantly damaged.
This test was combined with earlier knowledge of the particles and the hot needle test to exclude many

non-plastic pieces.

Identification Rules

Note: The rules used were referenced from the MERI guide for identification of microplastics.
However, rules were adapted and changed to this specific project as outlined below. Modified rules

are denoted by an asterisk* with the original rule in italics below.

Rule 1: Lack of cellular or organic structures
All examined pieces were viewed at the maximum allowable magnification to ensure any

organic structures were observed prior to heat testing. Biofouling can result in the combination of
organic material and MPs which can give the overall appearance of a non-plastic material. Biofouling
in this instance is defined as any accumulation of organisms, organismal related shells, plants, algae,
or any other unwanted organic material that obscures the view of MPs. Biofouling can occur by
encapsulating an entire MP or be present in sections and therefore it was essential to examine the entire
length of the MP.
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Rule 2: MP structures should generally exhibit homogeneity
*(Original Rule 2: Fibers Should be Equally Thick Throughout Their Entire Length)

Generally, the structure throughout plastic fibers is homogenous, but fraying is common due
to strands splitting apart from physical stress. The original rule was not just applied to fibers but to all
MPs. Although there were many MPs that were viewed as fragmented, sliced, or otherwise degraded,
there were many others, besides fibers, that were homogenous throughout. Plastics in general,
regardless of degradation, often have a defined structure that allows for homogeneity to be easily seen.
These were key indicators for identification and this rule was used as a basis for further examination
of a potential MP.

Rule 3: Particles should exhibit a similar color pattern

*(Original Rule 3: Particles should exhibit homogeneous color throughout)

Particles regardless of type can appear in a wide range of colors. These colors can be changed
drastically by the mechanisms that create secondary MPs, mainly chemical bleaching. A fiber for
example, may appear to be translucent on one end and blue on the other and therefore may be
mistaken as a different material or incorrectly measured. Further, it is essential that not only the
colors be examined but the pattern as well. Although uncommon, many MPs are primarily made with
a variety of colors that have not undergone environmental alteration. It is still highly likely that any
MP found will be of a solid color, but all colors should be examined throughout the full length and

on ends for internal examination if able.

Non-plastic materials

Calcium Carbonate Shells

The digestion process outlined above varied in Efficacy dependent on the size and amount of
organic material. Since snail shells are notoriously difficult to digest, it was not uncommon for roughly
1 in every 10 samples to have substantial amounts of shells left (Figure 14). These samples were
examined thoroughly and were more difficult to detect MPs within. A small metal prodding tool was
used in conjunction with tweezers to test the structural integrity of smaller pieces of shell. Generally,
the shells had become weak and brittle and were able to be moved quickly to examine contents
underneath. White fibrous material that was suspected to have come from strands within the shells was
present as well. These were clearly abundant in under-dissolved samples and were regarded as non-

plastics.
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Figure 13 Hot needle test on a suspected MP particle. Confirmation from melting and separation.
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Figure 14 Undigested calcium carbonate snail shell
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Plant material

Snails' diets consist largely of detritus or plant stems and roots. Like the shells, there is often
(albeit in much smaller volumes) undigested material that can make identification difficult. As one of
the rules outlined above, particles were examined for cellular structures and disregarded if any

indication of such was present.

Contamination

Contamination from airborne sources has been rarely documented but was the main concern
due to lab space conditions (Figures 15-17). Contamination reduction measures (see methods section
above) were implemented upon discovery of contamination pathways. White and partially translucent
fibers were found to be in abundance of 50+ particles in some snail samples with bundles of fibers
making it nearly impossible to examine. It was assumed that the particles were a combination of cotton
lab coat fibers and/or filter debris coming from the lab ventilation system. Similar observations of
translucent and white fibers were made in background blanks and confirmed by examining separate
blanks that had been placed inside drawers with no air flow. No such fibers were found on these blanks
in any instance. Moreover, contamination from clothing underneath lab coats, although rare, was seen
on some samples. Instances of filter grid lines that had excessive digestion were seen in some samples

to peel away and visually look like MPs.
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Figure 15 Filter grid line that has peeled away from chemical digestion
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Figure 16 White translucent fibers and undigested snail shells
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Figure 17 Bundles of white and translucent fibers
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SECTION 4. RESULTS

Snail MP abundance
Within the Wildlife Management Area (WMA) sites a total of 214 MPs were recovered in 129
snail individuals (Figure 19) representing 8 genera. Total samples include all collections while positive

samples examined only those that had positive MP presence. Summary characteristics for all samples
are outlined in Table 2. Of the 129 snails examined, 87 (67.4%) contained MPs, ranging from 0 to 6
per snail sample, and a mean of 1.6 + 0.14/total-samples and 2.5 + 0.26 MPs/positive-samples. Total
snail biomass analyzed was 14.7g with an average value of 0.06 +0.006 MPs/g. Distribution of MP
types was predominantly fibers (73.1%; n. 160), film (13.2%; n. 29), and fragments (11.7%; n. 25),
with no recorded beads, pellets, or foams. Total length of MPs was 95mm (95644 um) with a mean of
0.74 mm (741um £85.4 total-samples) and a mean of 1.1 mm (1138um £108.3 positive-samples).

UT campus sites had a total of 270 MPs from 130 snail samples (Figure 21) representing 10
genera. 103 (79.2%) were positive for MPs ranging from 0 to 8 per snail sample and a mean value of
2.07 £ 0.14/total-samples and 2.56 + 0.14 MPs/positive-samples. Total snail weight was 23.0 g with
an average value of 0.08 + 0.01 MPs/g. MP types were fibers (75.5%; n. 204), films (13.7%; n. 37),
fragments (10.3%; n. 28), pellets (0.3%; n. 1). Total length of MPs was measured at 147 mm (147701
pm) with a mean of 1.1 mm (1136 pm + 92.6 total-samples) and a mean of 1.4 mm (1448.049 pm *

97.4 positive-samples).

Color distribution was analyzed based on complete colors, i.e., no shading assessment. Thus,
no distinction was made between light or dark colors due to observer bias and inability to distinguish
some bleaching from manufactured colors. Color tracking was majorly used for contamination
prevention by comparing found colors to clothing, equipment, and any materials used. The most
common colors in both sites were found to be black, blue, and red (Figures 18 and 20). Clear pieces
were generally discounted from results from contamination, but special cases were recorded for unique

pieces that were not believed to be contamination from other colors present but not dominant.

Sub-Samples

Additional collections at previous sites were performed via hand sampling by metal tweezers and
glass vials. These samples were separated and examined against board sampled sites to check for any
artificial contamination. A total of 35 MPs were hand sampled from the WMA sites in 35 snail
individuals representing 4 genera. 22(62.9%) resulted in positive indication for MPs with a range

from 1 to 3 per sample and a mean value of 1.0 + 0.16/total-samples and 1.59 £ 0.19 MPs/positive-sa
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Snail Microplastic Color Distribution in the WMA
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Figure 18 Color distribution of WMA Snails
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Figure 19 Jittered graph of MP concentration by site in the WMA
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Snail Microplastic Color Distribution on UT campus
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Figure 20 Color distribution of UT campus snails
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Figure 21 Jittered graph of MP concentration in UT campus snails
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Table 2 Summary characteristics comparing WMA vs UT campus snails and soils

Microplastic Sample Characteristics

Snails

WMA
uT
campus

Soils

WMA

uT
campus

Samples

129

130

30

30

Mps/g
0.06
+0.006

0.08 =
0.01

0.2
+0.034

037+
0.056

MP

Count

214

270

478

540

Mean

16+
0.14

207 %
0.14

159+
1.2

18+
0.14

MP Length
(um)

741 +854

1136 +92.6

1465.8 +
183.7

1595 +
216.8

Fibers Films

160 29
(73.1%)  (13.2%)

204 37
(75.7%)  (13.7%)

107
189(39.5%) (22.3%)

283 59
(52.4%)  (10.9%)

41

Fragments

25 (11.7%)

28 (10.3%)

158 (33.0%)

114 (21.1%)

Beads

0

24
(5.2%)

36
(6.0%)

Pellets

0

1
(0.37%)

0

25
(4.6%)

Foams

0

0

23
(4.2%)



mples. Total snail weight analyzed was 2.7 g with an average value of 0.04 £0.008 MPs/g.
Distribution of total types of MPs was predominantly fibers (54.2%; n. 19), films (31.5%; n. 11), and
fragments (8.0%; n. 3), with 2 samples containing 1 foam and 1 pellet (Insert figure). Total length of
MPs was measured at 28.1 mm (28150 pum) with a mean of 0.84 mm (804 pum £148.7 total- samples)
and a mean of 1.27 mm (1279 pm +167.4 positive-samples).

Separately, 46 more MPs were hand sampled from UT campus sites in 30 individuals
representing 4 genera. 23(76.6%) resulted in positive indication for MPs with a range from 1 to 4 per
sample and a mean value of 1.4 £ 0.21/total-samples and 2 + 0.18 MPs/positive-samples. Total snail
weight analyzed was 1.9g with an average value of 0.05 £0.013 MPs/g. Distribution of total types of
MPs was predominantly fibers (80.1%; n. 37), films (6.0%; n. 3), and fragments (12.0%; n. 6). Total
length of MPs was measured at 30.8 mm (30885 um) with a mean of 1.2 (1235 um £215.6 total
samples) and a mean of 0.9 (996.2 umz 194.8 positive-samples).

Soil Samples

For the WMA sites, 1000 grams of soil per site were collected and sample summaries are
reflected in Table 2. WMA sites contained a total of 478 MPs (Figure 22), ranging from 5 to 33 per
site with a mean of 15.9 £ 1.2. For this study, 50 g subsamples (100 g total per site) were analyzed in
increments of 50 g per sample in order to reduce the time needed for separation and to decrease
likelihood of contamination entering samples. Identification was easier with smaller samples as the
amount of organic matter diminished greatly with weight. A total weight of 3000 g was analyzed with
an average MP size of 1465.8 £ 183.7 and total length of 43.975 mm (43975 um). UT campus soils
contained a total of 540 MPs (Figure 23), ranging from 7 to 35 per site with a mean value of 18 + 0.14.
Average MP size was found to be 1595 + 216.8 and total length of 47.850mm (47850 pum).

Size of MPs in the soil from both sites was generally larger and more intact when compared to
the snail samples. This may indicate that smaller particles are more easily transported into snail
digestive systems. MP type did not follow the same pattern as in the snail samples. At the WMA,
proportionately far fewer fibers were in the soil (39.5%; n. 189 vs 73.1% in snails), and fragments
(33.0%; n. 158), and films (22.3%; n. 107) were much more common in the soil than in the snails. At
UTK all MP types were recovered from the soil, but not in snails, including Fibers (52.4%; n. 283),
Fragments (21.1%; n. 114), Films (10.9%; n. 59), Beads (6.0%; n. 36), Pellets (4.6%; n. 25), and Foams
(4.2%; n. 23). Examples of MP particles found throughout snail and soil samples are found in Figures
24- 28.
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Statistical Analyses

Statistical analyses were carried out using open-source R Studio. A Shapiro-Wilks test was
used to check for normality (p <.05) among sites. Normality was not achieved likely due to the wide
fluctuation in the number of snail individuals per site. Power testing was performed using the ‘pwr’
package to determine reliability of T-tests and was found to be 0.85 and therefore was within an
acceptable range. A nonparametric Wilcoxon signed rank test showed no significant differences (p
>.05) between the hand sampled sites and board sampled sites. Therefore, we infer no evidence for

contamination from the use of coverboards to gather snail samples.

There were significant differences (p <0.05) found between UT campus and WMA in number
of MPs in snails. Likewise, there were significant differences (p <0.05) found in MPs between UT
campus and WMA sites in soil and MP type. No statistical prevalence was found for colors in any
instance and no correlation was found between MP abundance in soil and MP abundance in snails at
either location. However, there were significant differences (p <0.05) in both UT campus and WMA

when examining snail’s vs soils for MP type.
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Figure 22 Total MP count of soils by site in the WMA
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Figure 23 Total MP count in soils on UT campus
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Figure 24 Large Blue MP thread found in a UT campus Mesodon snail sample
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Figure 25 Red microplastic thread found from a WMA snail sample
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Figure 26 Blue MP film found in WMA soil
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Figure 27 Blue MP flakes found in UT campus soil
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Figure 28 Red MP thread amongst undigested material found in a WMA snail

50



SECTION 5. DISCUSSION

Although MP accumulation in marine snails (Exposito et al., 2022; Li et al., 2018) and, to a lesser
extent, freshwater snails (Weber et al., 2021) is relatively well studied, data on microplastics in wild
terrestrial snails is limited to a single study (Panebianco et al., 2019). Thus, information regarding
abundance and potential pathways of MP accumulation in snails is nearly non-existent. This study is
therefore one of the first examinations to give insight into the concentration and potential pathways

of MP accumulation in terrestrial snails.

Microplastic Abundance and Type In Soils and Snails VVaried According to
Disturbance L evel

This study showed that soils on the UT campus, with higher disturbance characteristics (areas
of high foot traffic and intensive landscape maintenance) had a higher average abundance of MPs than
those within a less disturbed habitat (a wildlife management area). This is not surprising given that MP
sources are entirely anthropogenic, and in this case the higher population density and foot traffic on a
campus will likely produce more litter and all sizes of plastic debris. In addition, the regular
landscaping activities of weeding, mulching, and soil amendments often include the introduction of
plastics into the soil (Zhang et al., 2018; Sobhani et al., 2022).

The higher MP levels in the disturbed campus soils are reflected in the higher MP levels in the
snails from these sites. However, at the site scale no statistically significant correlation was found
between the number of MPs in snails and the number in soils in either the campus or WMA sites. This
has been recorded in several similar studies. A study on crabs in an India lagoon failed to establish a
link between sites and MP abundance alone and referenced a large matrix of factors (Haite, 2017).
Likewise, Doyle (2019) could not find a correlation between site and MP abundance in periwinkles. A
confounding factor could be that organisms seemingly consume MPs at random (L.i et al., 2019). This
indicates that a linear relationship between abundances in media and organism is difficult to establish

and may include a matrix of factors that have not been fully recognized.

There are many potential explanations for the lack of correlation. This study did not consider
the previous use for each site such as agricultural, industrial, or commercial. Previous MP
accumulation over time could affect the type and abundance of MP particles in the soil. It is possible
that although the sites we chose were within proximity, the uses of those areas in the past differed
greatly. For example, in sites that were closer to buildings on the UT campus, plastic weed barriers

were often used under bushes and were not completely pulled up after use. This could result in major
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differences in microplastic types in those areas. Although these sites reported higher than average
abundances the type of MP that was present could be a confounding factor. This is reflected in studies
in the Beibu Gulf of Guangxi (CITE THIS) where no correlation was found as well, except in places
where land use changed from industrial to agricultural. Other factors such as elevation, floodplain,

season, and rainfall amount could affect the flow of MPs into each site.

This study also found that soils tend to have a different suite of MP types than snails, with
proportionately far more fragments, films, pellets and foam in the soils of both sites (compared to the
snails at those sites). It is likely that the pathways that enable uptake in snails favor inherently
smaller and lighter MPs such as fibers. Fragments, films, foams and beads could require significantly

longer degradation which can explain the difference in MP types.

It is difficult to speculate how each type of MP will travel and break down in order to explain
prevalence in soils vs. snails. Data shows that common secondary microplastics such as fibers are
widespread from clothing production and are more easily tracked (Suaria et al., 2020). However,
fragments, films, foams, and beads can take on many shapes, sizes, and forms and it is nearly
impossible to explain the heterogeneity seen. It is possible that in contrast to the pathways that fibers
travel (easily through waterways and airways) other MP types may have limited mobility. Color may
follow this pattern and could be used as an indication of MP travel. Blue and black were the majority
of MP colors in snails from both sites, but little data regarding MP origin can be obtained by color
alone. This is supported by studies that have examined MP color in fish and have found that black
and blue were also the top colors. It is inferred that these types and colors of plastics are simply in
greater use in the two study areas as there is no data that that supports color affecting fate or transport
of the MP particles. However, in certain industrial applications colors such as blue and black are
often used in conjunction with specific MP types such as polyvinyl chloride. This can give insight to

the origin of the MPs in certain applications.

Theorized Methods Of Accumulation

Our finding that snails have a greater concentration of fiber MP’s than the surrounding soil

indicates a selective pathway that enhances the likelihood of snail MP fiber uptake. The processes by
which microplastics accumulate in organisms are varied and complex. Feeding behaviors, locomotion,
digestion, and metabolism could all potentially influence accumulation. Land snails are mainly
herbivores and detritivores with diets that can include plant stems, leaves, fungus, decaying animals,

decaying vegetation, and many other types of organic matter. Snails discover food by utilizing
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chemoreceptors on the head to survey chemical gradients. Of 4 tentacles total, two on the head are used
to discover food by scent, and two “feelers” physically examine or taste potential food sources. Snails
utilize both of these appendages to distinguish food from non-food sources (Carnegie, 2022). It has
been shown that dousing foods with chemicals like acetic acid, which is found commonly in plastics,
can cause snails to avoid consuming the food (Montana, 2022). However, the small size of MPs
combined with the composition of soil aggregates could reduce and mask scents and prevent snails

from detecting MPs by chemical means.

The main pathway of MP intake could, therefore, be coincidental uptake during ingestion of
the surrounding detrital organic matter. This hypothesis has been supported by experiments in juvenile
snails (Colpaert, 2021) in which land snails were intentionally fed food spiked with polyethylene
pieces. No avoidance behavior toward food spiked with plastic was discovered, indicating an inability
for snails to detect and avoid MPs. This study supports the incidental ingestion hypothesis as MPs were

found in high abundance in soils that contained common snail food sources.

Many other studies of controlled experiments of land snails have examined the fate of MPs
after ingestion and give insight on how accumulation, or lack thereof, occurs (Colpaert et al 2021.;
Song et al., 2019). Snails utilize a cartilage jaw and numerous, small radulae to break down food. The
process of consuming food should promote the fragmentation of MP particles as well, but chemical
breakdown in gut biomes may also play a significant role (Song et al., 2019). It has been suggested
that other organisms such as earthworms possess the capability to fragment particles but driving
mechanisms may include the presence of mineral particles in the gut that can physically break down

the plastic pieces (Kwak et al.).

Chemical Sorption onto Plastic Surfaces

Chemical and physical characteristics of MPs have profound effects on the sorption capability
of pollutants onto their surfaces. Kinetic and isothermic models (Figure 29) are commonly used to
help understand the environmental and localized factors that can affect diffusion, transport, and
interaction between molecules (Guo and Wang., 2019; Koelmans et al., 2019). These factors are
numerous and complicate the determination of baseline levels of MPs harmful to organisms. For
example, MP properties, pollutant properties, and environmental factors must all be considered

simultaneously and each of these contain a multitude of variables that are continuously changing.

The main mechanisms for sorption are dependent largely on the chemical composition of the

MP and pollutant. As shown in figure 28, these can include hydrological interactions, covalent
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bonding, electroactivity, size, pH, and temperature among many others (Fue et al., 2021). Some
plastics, such as HDPE, can take up to 44 months before it ceases to absorb toxins (Rochman et al.,
2012. HDPE, LDPE, and PP comprise over 50% of all plastic produced globally, implying that certain
plastic types may be a greater threat than others. Fibers, which are common and easily transported,

may be an even greater threat when they are made of these types of plastics.

Potential Harmful Effects

Larger plastic sizes >5mm have been found in many organisms blocking gastrointestinal
tracts and pose a direct physical threat. Examples include birds, fish, sea turtles and whales (Wang et
al., 2021; Ready, 2018). The chemical effects of MPs have been shown to vary widely across both
media and organisms, and can potentially induce harmful effects (Campanale et al., 2020; Bhuyan,
2022). Generally, plastic has been considered inert in biological processes and it has not yet been
shown to pose a direct threat to the environment by chemical structure alone (Teuten et al., 2009).
However, as plastics transform from macro to micro sizes they can undergo physical transformations
that enhance the ability of pollutants to adhere to surfaces (Munier and Bendell, 2017). As plastic
particle size decreases to the MP scale (<bmm) the surface area of the plastic particles increases
proportionally, resulting in an enhanced ability to react with and retain contaminants. At this size,
pieces are small enough to travel within physiological systems and even to penetrate cellular systems,
affecting cell metabolism (Jewett et al., 2022). Indeed, there is an extensive and growing literature on
nanoplastics (<1 um) that document impacts of very small plastic particles on subcellular and

metabolic systems (Lai et al., 2022).

The physiological effects of MPs in snails have been examined (Song et al., 2019; li et al.,
2020). Weights of PET fibers in snails as low as 0.01-0.71 g have been shown to increase oxidative
stress, lower food intake, and damage gastrointestinal walls of terrestrial snails (Blanco et al., 2021,
Seuront, 2018). In addition, enzymatic activity in the intestinal tract can change due to lipid
peroxidation from MPs and this may be an indicator of toxicity (Qu et al., 2020). Changes in growth
trajectories by body weight and shell size have been recorded in some species of giant snails from the
effects of MP ingestion (Felice et al., 2021). These impacts are often delayed and tend to increase
with exposure time and concentration of MPs until an end morphometric point. Behavioral studies of
land snails have looked at ranges to better understand where endpoints lie and at what concentrations

the effects taper off (Seuront et al., 2018; Felice et al., 2021). One study concluded that mortality and
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reproduction were not altered, but reaction time to outside stressors hindered movement in land snails
and was drastically increased until a maximum concentration of 4000 mg/g was reached (Blanco et
al., 2021)

Such changes in reaction time may not cause mortality directly but can have sublethal
impacts on survival rate. Sea snails such as the common periwinkle have been observed to act
differently in predator-prey interactions when impacted by high levels of MPs (Seuront et al., 2018).
When hunted by a natural predator such as a crab, the periwinkle will normally exhibit avoidance and
rapidly retreat. However, periwinkles fed MPs will retreat slowly, or not at all. This is likely caused
by the ingestion of toxins sorbed onto the surfaces of the MPs (Gallo et al., 2018). No such
behavioral changes have been recorded in terrestrial snails, but similar observations have been
recorded in other land animals such as mice and hermit crabs (Araujo and Malafaia et al., 2021;
Cunningham et al., 2021).

Other kinds of behavioral changes from MP ingestion are documented in a variety of
organisms, ranging from failure to reproduce, loss of social interaction, and loss of locomotion,
among others. Examples include hermit crabs’ inability to choose shells, a decrease in discus fish
hunting behavior, a decrease in zebra fish defensive mechanisms, and slower locomotion in mice.
Reviews of MP-affected behavioral changes can be found in Cunningham et al. (2021); Salinas et al.
(2019); and Araujo and Malafaia (2021).

Baseline levels for health impacts on many organisms, including urban snails studied herein,
have not yet been determined due to the lack of studies documenting behavioral changes in most
habitats. Of course, MP impact studies require more than simply measuring weights and numbers of
particles per volume of media. A variety of factors, such as species-specific traits, contaminant and
MP type, and abundance if MPs undoubtedly interact in complex ways (Binda et al., 2021; Zhang et
al., 2022).

In our study, the abundance of MPs in both soils and snails fall within abundance ranges that
have been found to cause harmful effects. Fish were found to have lipid oxidative damage with as
little as 0.054 £+ 0.099 MP items/g; and snails had lower reproductive rates with 5-10 MPs per
individual. Any exposure to MPs in rice fish was found to alter brain activity (Zolotova et al., 2022;
Weber et al., 2021; Barboza et al., 2020). Due to the tendency for snails to accumulate contaminants
in their tissues, should contaminants sorb onto MPs in snails at rates recorded in prior studies, it is

likely that with further testing a similar biophysical response will be seen.
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SECTION 6. SUMMARY

This work represents one of the first studies to examine microplastics in terrestrial snails. It
confirms the presence of multiple types of MPs in both soil and land snails, and it established cost-
effective methods to examine both land snails and the soil on which they live for MPs. Two different
areas were examined in East Tennessee: a wildlife management area (WMA) in Oak Ridge, TN that
had significantly less disturbance and potential for plastic contamination, and a highly disturbed area
on the University of Tennessee campus (UT). At the WMA, MPs were confirmed in 67% of snails for
a mean value of 1.6 MP and with 100% of sites testing positive for MPs in the soil with a mean value
of 15.9. The campus had confirmed MPs in 79.2% of snails for a mean value of 2.07 MP with 100%
of sites testing positive for MPs in the soils with a mean value of 18.0. These values are much higher
than the single known previous study of MPs in terrestrial snails and indicates that major knowledge

gaps exist in this area of research.

This study utilized several previously published research methods but also sought to expand
and improve upon them. Snails were digested using sodium hypochlorite and potassium hydroxide at
a 1:1 ratio on an orbital shaker for 12-24 hours. They were vacuum filtered and transferred to a 0.47-
micron filter. Stereo microscopes were then used for the examination process at 50x magnification in
a double-blind observation. A combination of microplastic identification guides were all considered
and previous rules were adapted to this project. Also, filter reading procedures were adopted to ensure
that observers always followed the same procedure. The hot needle and spring test were used in order
to distinguish plastic and non-plastic particles. Soil identification methods utilized a combination of
experimental procedures by density separation with Ludox TM-50. A soil isolation unit was prototyped
and modified to create a durable, non-plastic separation unit. This allowed the flotation of lower-
density plastic from higher-density non-plastic particles. Methods used for identification and digestion

were both cost efficient and provided low contamination levels.

Although there was no found correlation between abundance of MPs in soil and snails, there
were significant differences in the MP types between soils and snails. This is likely due to the size
differences and breakdown mechanics that exist from radula teeth and gut digestion aiding in the
breakdown of plastics. This could allow smaller types such as fibers and smaller fragments a pathway
into snails, explaining why there are proportionately more fibers in snails than soils. Predictably, there
were also significant differences between sites for total MP count in both soils and snails, with the UT

campus having more plastic pollution than the WMA. There are many more opportunities for plastics
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to fragment and break down into MPs in more disturbed areas. Colors were similar across all locations
with black and blue being the primary colors. This is not unusual and was useful in cross examination
of contamination. Though colors alone do not provide useful insight on origins, examining degradation

and color fading could provide insight on the degradation time.

Fates of microplastics in snails are still largely unknown but this research provides more data
toward the development of a model of how contamination may occur. Size, location, environmental,
and chemical characteristics influence how and where MPs are transported. Snails utilize tentacles to
detect chemical gradients of potential food sources but may be unable to detect MPs in media.
Accidental ingestion is likely the main source of uptake, and this can lead to a variety of harmful effects
from oxidative stress, reproductive harm, and predator-prey behavioral changes. Snail toxicity studies
are limited but inferences can be drawn from work in other organisms. Ultimately, the variety of
contaminants and plastic types make it difficult to determine how different species and organisms will

react.
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SECTION 7. FUTURE WORK

Building upon previous microplastic work is essential to understand the complexities that
influence both the effects and distribution of MPs. This study utilized a variety of methods that were
combined and altered to test Efficacy and accuracy. Despite thorough planning, this study is not
without flaws. A very common occurrence and perhaps the biggest threat to MP research is
contamination. The use of glass instruments, blanks and air filters should continue to be used in all
cases but there may other suitable options that could perform better. Clean boxes could be used to help
filter air from the inside of the MP containment area and keep unwanted particles out. This is in stark
contrast to the common use of examination under fume hoods which work by cycling air from outside-
in. The use of Honeywell filters and creating a closed space compensated for this but could be improved
on. The emergence of atmospheric particles creates an environment where the air flow could

contaminate samples.

The large variety of digestion methods needs to be addressed as well. Seemingly, it is not
suitable to have a method that is a one-size fits all. The variety of organismal skeletons, shells, tissue,
and general makeups make it difficult to find chemicals that can digest efficiently without damaging
plastics. Exploration of new, or lesser used, combinations such as those in this study should be

performed and documented so they can be referenced for comparison.

Understanding the toxic effects of MPs lies in accurate identification. All current methods used
have some drawbacks in the form of interference, cost, or limited examination. FTIR machines that
have high accuracy can cost thousands of dollars. Low-cost stereomicroscope work is very laborious.
Inflorescent particles are limited to certain types in limited conditions. MP research needs to be
performed across many environments and disturbance levels to get good baseline levels. Attempts like
this have been made by organizations such as citizens science, but the methods being implored can
result in nearly 100% over estimation. However, the research is still meaningful and helps develop

other low cost-efficient methods.
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