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Abstract

Mass production of plastic within the past decade has led to over 100 billion tons
of plastics being added to the world’s oceans through rivers and effluent disposal and
decomposition (Du, 2020). For marine environments, the sudden and constant growth of
microplastics (plastics 1 pm to 5 mm in diameter), is of particular concern to top-
predatory fish such as steelhead trout (Oncorhynchus mykiss), who passively or actively
uptake microplastics while consuming prey (Baechler, 2020). Previous research has
demonstrated clear detrimental impacts of microplastic accumulation in bivalves,
seabirds, and zebrafish, including decreased diet, reproduction rates, and metabolism, as
well as increased rates of mortality (Baechler, 2020; Brown, 2019; Faggio, 2019).
However, research in large commercial fish such as steelhead trout is lacking (Brown,
2019; Du, 2020; Fackelmann, 2019). As steelhead trout are top-predatory anadromous
fish, they are particularly susceptible to microplastic exposure through their interaction
with widespread ecosystems and the bioaccumulation of microplastics during food
consumption throughout their lifetime.

Here, we demonstrate how polystyrene microplastics affect juvenile steelhead
trout behavior, intestinal tissues, and oxidative stress levels. Our study illustrates
microplastic exposure in trout could lead to rapid die offs after acute periods of high
exposure. Additionally, we found that even at low levels of polystyrene exposure
(10pg/L) results in behavioral modifications, intestinal tissue damages, and increases in
oxidative stress. More broadly, our results demonstrate that microplastic exposure causes
negative responses in large commercial fish, with potential to alter species survivability

and ecosystem dynamics in both wild and farmed populations.
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1. Background

Plastic has been a long-revered product due to its versatility, low cost, and
widespread industrial and commercial use. Since their inception in 1946, plastics quickly
became essential to society for their inexpensive and long-lasting durability. Plastic
provides lightweight packaging in transportation, food, and service industries, as well as
durability for extending shelf life, preventing disease and injury, and improving textiles.
The ease of plastic disposability also improves hygiene and comfort for many across the
world, with widely low and accessible prices to developing countries. Originally created
from raw materials and refined into propane or ethane, monomers are then transformed
into polymers followed by resin pellets, to eventually be molded into product for future
intended use (Scheirs, 2003). Of these uses, the most prominent is packaging, with the
greatest production in China, followed by North America, the remainder of Asia, and
Europe (Gourmelon, 2015; Kumar, 2021).

While plastics demonstrate a unique and multidimensional resource, the lack of
proper disposal methods has drawn worldwide attention in recent years. Combined with
decomposition rates spanning 20 to 2,000 years, plastics are now significant to this
geological era, being found from the North Seas of the Artic to the deep seas of the
Southern Ocean (Foley, 2018; Walkinshaw et al., 2020). Prior to 2018, China received
approximately 60% post-consumer content exports from over 43 different countries
across the world (Ren, 2020). However, after the post-consumer content ban of 2018,
solid waste exports shifted away from the country, resulting in worldwide recycling
center overflows, shorter product lifespans, and decreased circular economy use (Ren,

2020). For countries without access to recycling services, waste is incinerated at rates as



high as 57% in Africa and 40% in Asia (Gourmelon, 2015), which can result in several
adverse human health effects, including increased cancer and disease risk, reproductive
dysfunction, and increased respiratory inflammation (Naidu, 2021; Tait, 2020).
Furthermore, studies have shown global environmental injustice as impoverished areas
are more likely to include pollution, suggesting that with increased consumption and
improper waste disposal, minority groups will be at greater risk (Bell, 2012; Crowder,
2010; Samoli et al., 2019).

As plastics inevitably integrate into landfills and terrestrial systems, they also produce
largely negative effects on the surrounding ecosystems and wildlife. Many of these
effects are driven by microplastics (i.e., plastics 5 mm to 1 pm diameter), which are
primarily sourced from direct production in cosmetic and textile industries (Fendall,
2009) and secondarily sourced from macroplastic decomposition (Browne, 2011;
Collicut, 2019). Through littering, sewage disposal, industrial runoff, waste disposal, and
production leakage, microplastics have readily integrated into ecosystems rather than
their intended disposal target (Fig. 1). Once in the soil, microplastics directly interfere
with biogeochemical processes such as the ability to sequester carbon, nitrogen and
phosphorus uptake, and surface soil temperature and turnover regulation (Guo, 2020;
Kumar, 2021; Rillig, 2021). Furthermore, plastics cause challenges for plant growth and
induces a cascade of ecosystem effects, beginning at microbial composition within the

soil (Zhao, 2021).
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Figure 1. from Du, J. (2020): The dispersal of macroplastics into microplastics causes a

cascade of effects that impact marine and freshwater systems, as well as pose a risk to humans
during consumption (Beachler, 2020; Du, 2020). Microplastics can either be from a primary or
secondary source and are 5 mm to 1 um in length (Fendall, 2009). As plastic continues to degrade
over time, microplastics become and persist as nanoplastics (plastic less than 1 um in length)
(Gigault, 2018).

Of the 79% of plastics that are landfilled, over 100 billion tons of plastic have
been added to the world’s oceans by rivers and effluent disposal and decomposition in the
past decade (Du, 2020; Jambeck, 2015). According to Kumar 2021, the Yangtze River
has the largest amount of plastic waste at 1.46 million tons, followed by the Indus River
at 164 thousand tons (Kumar, 2021). In England, the River Tame demonstrated variations
in sampling locations within rivers as well, with a 65% increase in urban tributaries when
compared to rural locations (Tibbetts, 2018). Fluctuations of waste also vary per day and
location, such as in Chicago USA, where the average river influx can be as high as 1.34
million particles per day (McCormick, 2016). As a result of these microplastic influxes,
numerous freshwater organisms such as mayflies, caddisflies, mosquito larvae, rotifers,
and amphipods have shown negative impacts, with effects such as increased oxidative
stress, decreased reproductive rate, developmental delay, and increased mortality

(Guimaraes, 2021; Jeong, 2016; Malafaia, 2020; Silvia 2019; Silvia, 2020; Ziajahromi,
3



2018). Redondo-Hasselerharm et al. (2020) also found that the overall diversity index in
freshwater rivers decreased due to microplastic exposure, further suggesting significant
effects on freshwater invertebrate community composition.

As rivers integrate into marine environments, the sudden and constant
accumulation of microplastics is of particular concern. Previous research has documented
severe impacts of the ingestion, entanglement, blockage, and exposure of plastics to over
220 species of marine organisms, leading to the death of 1 million seabirds, 100,000
mammals, and several thousands of fish yearly (Baechler, 2020; Susanti, 2020). While
plastic entanglement has been studied and observed prior to 1969, only recently have
microplastic interactions come to light (Le Guen et al., 2019; Zantis, 2020). Ranging
from 9-75% consumption per individual (Le Guen et al., 2019), the effects of
microplastics in mammals remains largely unknown. However, in seabirds, research has
shown largely negative effects due to ability of microplastics to reduce feeding capacity
and digestion (Reynolds 2018; Susanti, 2019; Van Franker, 1985), reproductive growth,
extracellular processes (Choy, 2013; Derraik, 2002; Susanti, 2019; Zhang, 2022), and
increased induced stress (Choy, 2013). Studies have also shown a wide concentration of
various microplastic ingestion by seabirds, penguins, raptors, passerines, and ducks
through both environmental and trophic transfer (Clark, 2022; Le Guen, 2019; Reynolds,
2018; Susanti, 2020; Wang, 2021). Furthermore, it is estimated that by 2050, 99% of all

seabird species will contain plastic (Wilcox, 2015).

Similarly, bivalves and fish are regularly affected by the influx of microplastics

into the marine environment. In bivalves, the exposure of microplastic triggers the onset



of chronic diseases (Facklemann, 2019), alters gene capacity (Fackelmann, 2019), and
decreases filtration activity (Zhang, 2022) and byssal thread growth (Sussarellu et al.,
2016). Within fish, studies have shown altered hunting behavior and liver histology (Yin,
2019), as well as increased susceptibility to sorbed contaminants within the water column
(Barboza, 2018; Granby, 2018; Karami, 2016). Further, a meta-analysis by Salerno et al.
(2021) confirmed widely negative effects on a variety of fish species including decreased
feeding, decreased growth, and altered behavior due to microplastic exposure (Salerno et
al., 2021). As Salerno describes, the degree of effects varies uniquely to each fish species
depending on life stage and feeding type. Overall, this suggests that some fish species are
more susceptible to microplastic damage than others.

A final pressing concern is the rate and effect of plastic exposure in humans,
which is likely through inhalation, contact, or ingestion via seafood (Amato-Lourenco et
al., 2020; Lehner, 2019). In 2015 it was estimated that 17% of human animal protein
consumption is from seafood intake, which serves as a major microplastic vector
especially if seafood is consumed whole (Smith et al., 2018). Studies have reported
microplastic levels in farmed mussels and both wild caught and farmed fish across the
globe (Smith et al., 2018). While the human body is capable of filtering and disposing of
most microplastic material, questions remain as to how exposure effects the
gastrointestinal tract, as well as the translocation ability of nanoplastics (plastic diameter
less than 1 um) across cell membranes such as the placenta or the blood-brain barrier
(Wright, 2017). With the potential to cross these barriers, plastics could pose serious
threats to human welfare, especially in locations were seafood consumption or plastic

disposal is irregularly high.



2. Introduction

In 1909, the first fully synthetic plastic was introduced to the public (Baekeland,
1909; Baekeland, 1911). Known as Bakelite, this synthetic polymer was created by Leo
Baekeland in 1906 and was implemented into many commercially available products
such as telephones, radios, and cameras as electrical insulation (Scheirs, 2003).
Following its inception, the unique characteristics of Bakelite captured the attention of
several chemical companies including Dow Chemical in the United States and Imperial
Chemical Industries (ICI) in the United Kingdom, who began studying synthetic plastics
in greater detail (Scheirs, 2003). With such studies and advancements, synthetic plastic
became widely produced from readily available precursors of crude oil production into
gasoline (Baekeland, 1911). One byproduct of particular interest was the use of ethylene
gas and styrene to create polyethylene and polystyrene plastics, which were further
revered for their light weight and durability. Finally, during World War II, ICI became
the first company to mass produce and synthesize ethylene into plastic formation as radar
cabling insulation (Scheirs, 2003). Shortly after, commercial applications followed with
the advent of Tupperware, plastic bags, and many other products still used today.

Although polystyrene was initially discovered in 1839, it did not come into
common use until over a century later (Scheirs, 2003). Today plastics including
polystyrene are ubiquitous around the world, providing easy, inexpensive, and useful
methods of transporting and storing everything from food and water to chemicals and
waste products (Walkinshaw, 2020). Additionally, the versatility of these products has
led to extensive uses and the highest production rates of plastic within the past decade

(Lebreton, 2018). Yet despite many plastics being recyclable, lack of proper disposal



methods has resulted in relatively small amounts of plastic actually being recycled
(Hopewell, 2009; Lebreton, 2018). It is estimated that within the past decade alone over
100 billion tons of plastics have been added to the world’s oceans through rivers and
effluent disposal (Du, 2020; Jambeck, 2015). For marine environments, the sudden and
constant growth of microplastics (plastics 1 pm to 5 mm in diameter), is of particular
concern to top-predatory fish such as steelhead trout (Oncorhynchus mykiss), who
passively uptake microplastics while consuming prey (Beachler, 2020; Du, 2020). While
previous research has shown negative impacts of microplastic accumulation in bivalves,
seabirds, and zebrafish, research in anadromous, commercial fishes such as steelhead
trout is lacking (Alimba, 2019; Baechler, 2020; Du, 2020; Facklemann, 2019; Van
Franker, 1985).

Overall, microplastic ingestion and exposure is known to exhibit negative
physiological effects in hundreds of marine organisms, including fish, shellfish,
crustaceans, turtles, aquatic invertebrates, macroalgae, seabirds, and marine mammals
(Baechler, 2020; Foley, 2018; Walkinshaw, 2020). In both bivalves and zebrafish, the
exposure of microplastics triggers the onset of chronic diseases and limits gene
functionality (Facklemann, 2019; Faggio, 2019). Additionally, microplastic exposure in
zebrafish has also demonstrated numerous other health effects, including physiological
tissue damage, cytotoxicity, decreased growth (Du, 2020), altered gene expression (Zhao,
2020), decreased metabolism (Lu, 2016; Qiao, 2020; Wan, 2019; Zhao, 2020) and
increased oxidative stress (Du, 2020; Prokic, 2018; Qiao, 2020) in both larval and adult

animals. However, findings from this small, warm-water, freshwater organism, may not



be analogous to predatory, warm-water or cold-water commercial fish where
bioaccumulation may make them highly suspectable to microplastic exposure.

Multiple studies have already documented microplastics within the
gastrointestinal tracts of large wild caught fish, including anchovy, tuna, and herring
(Walkinshaw et al., 2020), yet physiological effects of microplastic ingestion in these
commercially important fish remains widely understudied. In a study by Hyrenbach et al.,
(2021), both pole and line caught predatory fish such as Skipjack and Yellowfin Tuna
had ingested marine plastic debris in O’ahu with varying polymer consumption types.
Similarly, plastic debris have been found in fish of the North Seas (Foekema, 2013) and
wild-caught North American finfish species (Baechler, 2020), that are regularly used in
commercial fisheries for human consumption. With increased microplastic exposure,
ingestion, and susceptibility, population dynamics of these wild-caught fishery species
will likely be highly affected (Baechler, 2019; Du, 2020; Faraday, 2019). For example, as
organisms ingest plastics, mistaking the particles for food, they inevitably accumulate as
they move through trophic levels (Fig. 2) (Beachler, 2020; Du, 2020). Organisms further
along the trophic process, such as top predatory fish, are particularly susceptible to the
accumulation of microplastics through passive and active uptake, as they eat larger
quantities of prey who have also bioaccumulated plastics (Beachler, 2020; Du, 2020).
Although most fish are initially exposed through the digestive and respiratory systems,
studies have shown microplastic ingestion could alter immune, cardiac, and endocrine
system function as well (Brown, 2019; Faraday, 2019), further affecting growth and

reproductive rates.
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Figure 2. Bioaccumulation of Microplastics. The degradation of macroplastics leads to the
accumulation of microplastics in trophic levels, reaching a climax in top predators. (A)
Macroplastics such as plastic water bottles degrade break down into smaller particles, and
eventually, microplastics at <Smm (Collicutt, 2019). Microplastics are often confused for food
particles such as filamentous algae, diatoms, or phytoplankton (B). Primary consumers such as
bivalves, insect and aquatic larvae, and crayfish consume microplastics as well as other small
food particles (C). Microplastics continue to accumulate as small fish such as suckers and bass
consume large numbers of primary and secondary consumers (D). Top predators, such as
steelhead trout, consume small fish and accumulate large amounts of microplastics, creating
potentially toxic health effects (E).

In rainbow trout specifically, microplastic exposures have been shown to result in
increased oxidative stress, decreased intestinal microbiota diversity, and anatomical
changes to the digestive system itself. In a study to assess susceptibility to cold water
disease, a common aquaculture industry problem, Brown (2019) found microplastics
increased oxidative stress that suggested a decrease in immune function leading to
significant increases in cold water deaths. These findings suggest that microplastics have

the ability to decrease immune function and increase disease susceptibility that could



affect population dynamics in both farm raised and wild populations (Brown, 2019). In
addition to potential immunological effects, decreases in intestinal microbiota diversity
from microplastic exposure has also been observed (Fackleman, 2019; Wan, 2019).
Through direct mechanical disruption and indirect interruptions of bacterial-gut
symbiotic relationships, growth rates are likely to decrease within both wild and
commercial populations resulting in decreasing aquaculture production and harvest rates
(Du, 2020). Finally, numerous sources have indicated distortion or inflammation of the
digestive system after microplastic exposure (Du, 2020; Lu, 2016; Lu, 2018; Limonta,
2019; Peda; 2016; Qiao, 2019). As this distortion becomes chronic, it could lead to
largely negative impacts to essential tissue function and reduced diet, inherently reducing
overall fitness, reproductive success, and mass density of fish (Du, 2020; Liu, 2019; Ma,
2019).

Therefore, the primary purpose of this study is to analyze how the chronic
exposure of an abundant microplastic, polystyrene, impacts the predatory fish steelhead
trout (Oncorhynchus mykiss). First, we will examine the impacts of polystyrene on
overall trout health and behavior. Next, we analyze histological tissue damage within the
intestinal tract post exposure. Finally, we will determine how concentrations of
polystyrene impacts oxidative stress levels, as well as overall liver function. By studying
the implications of microplastic exposure in large commercial fish such as steelhead, we
can then establish management techniques to mitigate exposure in waterways and limit

fish population damage.
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3. Methods

Seventy-five steelhead trout (Oncorhynchus mykiss) were obtained as stock from
Island Spring Hatchery in Portland, OR. Three low-density tanks labeled A, B, and C
were randomly populated with 25 fish/75.7 L tank, with a water turnover rate of 7.5
L/hour (Brown, 2019). Tanks were equipped with a standardized 12-hour light cycle,
maintained at 11°C, and properly aerated (UV sterilized cultured water with pH value of
7.2 and dissolved oxygen content of 6.6 mg/L). Fish were acclimated to the tanks for 7
days prior to experimentation and fed Skretting® Classic Fry® (2.5 mm pellets) ad
libitum every 12 hours.

Polystyrene microplastic particles were obtained from Uxcell (2.5 mm, model
number: a20112400ux665) with two experimental group tanks and one control group.
Tank B was exposed to microplastics at a low concentration of 10 pg/L, and tank C at a
high concentration of 100 pg/L. Tank A remained unexposed. Both experimental
concentration values were informed by representative microplastic influx to urban river
environments across the Chicago metropolitan area (McCormick, 2016). Polystyrene
particles were added every three days to represent a constant influx of microplastics into
the environment. The non-experimental group, Tank A, was exposed to 100 mL
sterilized, deionized water every three days. Tank water was cleaned and turned over
every three days to remove any microspheres and feed not taken up by the fish (Liu,
2019). Exposure lasted for a total of 21 days, and water within each tank was
continuously aerated to assure homogenous distribution of the microplastics throughout

the exposure period. Standardized tank conditions remained constant throughout the
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entirety of the experiment, and dead fish were removed, dissected, and frozen
immediately upon discovery.

After exposure completion, all surviving fish were euthanized in 200 mgL-!
MS222 for 5 minutes and rinsed with deionized water to reduce external particle
exposure. Euthanasia was conducted in accordance with an approved, Portland State
University IACUC protocol consistent with all national standards. Photographs and
morphological measurements for each fish were recorded, including weight, body depth,
standard length, and total length in centimeters. Livers from each fish were immediately
dissected, snap frozen, and stored at -80 °C for oxidative stress analysis (Qiao, 2020).
The entire intestine of each fish was dissected into three 5 mm length pieces, treated with
10% formalin, and stored in 70% ethanol. Following fixation, intestinal tissues were
embedded in paraffin wax, sliced into three 20 pum slices, and stained with hematoxylin
and eosin for microplastic abundance and histology analysis (Qiao, 2020). Intestinal
damage was then observed and scored using the matrix proposed by Zimmerli et al.,
2007.

Liver samples were divided for superoxide dismutase (SOD) and glutothionine
(GSH) oxidative stress analysis. Liver samples were deproteinated and total GSH
concentration was analyzed using a commercial detection kit (Cayman Chemical, USA)
according to manufacturer’s protocols. End point method was used with plate
measurements recorded using a 405-414 nm wavelength on a microplate spectrometer
(Tecan Trading AG, Switzerland).

To determine total SOD activity, liver samples were homogenized in PBS

solution and analyzed in triplicate using a commercial detection kit (Cayman Chemical,

12



USA) according to manufacturer’s protocols. Plate measurements were read at 440-460
nm using a microplate reader (Tecan Trading AG, Switzerland). Total SOD activity and

GSH concentration values were calculated according to manufacturer’s protocols.

Calculation and Statistical Analysis

Premature death significance was calculated with a t-test assuming equal
variances using exposure date and number of fish deaths within each tank. Morphological
measurements among and between experimental tanks were analyzed using a single-
factor ANOVA. Condition factor between tanks were analyzed using a t-test assuming
equal variances, and intestinal tissue damage matrix scores were analyzed using a single-
factor ANOVA (Peda, 2016). GSH and SOD concentration values were both analyzed

using a t-test assuming equal variances.

Contamination Regulation

Cross contamination of air-borne and surrounding particles was maintained
throughout the experiment. Gloves were changed between any consecutive fish handling
and sampling, all experimental equipment was cleaned using sterilized water, and
experimental equipment was restricted to glass and metal. Samples were tightly covered
with aluminum foil and all extraction work was performed in a flow hood. Experimental
personnel also wore cotton lab coats and natural fiber clothing to reduce textile fiber

contamination.

13



4. Results
Survivability rate and behavior

Prior to experimental completion (exposure day 21), a significant number of
experimental fish died prematurely (p= 4.41e%), including 18.8% of control fish, 45.8%
of low exposure fish, and 100% of high exposure fish. All high exposure fish died within
17 days of initial exposure, and low exposure fish did not begin dying until day 16 of
exposure (Fig.3). No significant weight or size variation were found between tanks,
however, within tanks increased weight and decreased length did have a significant effect
on premature death risk (p= 0.00035 and 8.918 e!° respectively). The average condition
factor ‘K’ of fish that died prematurely was 1.36 (Sd= 0.19), compared to the average
condition factor of euthanized fish 0.89 (Sd=0.08), meaning that larger and shorter fish

were significantly more likely to die prematurely than longer, skinner fish (Froese, 2006).
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Figure 3. Exposure Fish Remaining. Percent of fish remaining during the exposure period. Day
1 illustrates the first day of microplastic exposure.

Behaviorally, fish exposed to microplastics illustrated signs of distress including

swim bladder malfunction, lack of appetite, and erratic swimming prior to death. At day

14



two of exposure, fish in the high exposure system began to show loss of buoyance
control, which resulted in fish showing difficultly maintaining an upright orientation and
positional control within the water column (Fig.4). High exposure fish consistently stayed
in the upper third quadrant of the water column, whereas control fish maintained regular
orientations throughout the entire tank. No distress behaviors were observed in the

control group throughout the experiment.

Figure 4. Swim Bladder Image. Example of swim
bladder size in a low exposure fish that died prematurely.
Fish demonstrated difficulty regulating swim bladder
function immediately post exposure in high exposure fish
(tank C), and following day 10 in low exposure fish (tank
B)

Histological Analysis

High exposure samples and fish that died prior to experimental completion were
excluded from histological analysis due to unknown postmortem intervals and possible
tissue decomposition during premature death. During dissection, intestinal blockages
were also visibly present within three of the experimental fish. In low exposure samples,
88.89% of samples demonstrated a complete detachment and lysis of muscularis mucosa,
submucosa, and villi within the gastrointestinal layers, in addition to enlargement of
goblet cells and detached epithelial layers (Fig. 4). In contrast, 92.86% of control samples
demonstrated complete intestinal tracts, with no excessive goblet cells, inflammation,
lysis, or tearing, with clear layers of epithelium, intestinal villi, muscularis mucosa, and
submucosa (Fig. 4). ANOVA analysis of damage scoring results were highly significant

between the two treatments (4.7312¢9%).
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Figure 5. Histology tissue imaging. Imaging of intestinal tissues in control (A-C) and low
exposure (10 pg/L) (D-F) systems. Image A from a control fish illustrates complete intestinal
layers of epithelium, lamina propria, submucosa, and serosa, with intact goblet cells and
organized arrangement (20x). Under the same magnification and location, image D from a fish
exposed to 10 pg/L microplastics shows intact serosa and submucosal layers, but complete
detachment of lysis of intestinal layers and cell types. Image B demonstrates a control fish with
complete intestinal layers similar to image A, but at 40x magnification. Image E contrasts this,
with lysis and remnants of epithelium and lamina propria from a fish exposed at 10 pg/L (40x).
Finally, the control fish in image C is compared to the low exposed fish in F (40x), in which C
shows intact intestinal villi, epithelial, and lamina propria layers, whereas F shows complete lysis
and detachment of these features.

16



Liver Function Analysis

Total GSH concentration significantly increased in the low exposure liver samples

relative to the control (0.04508105). Mean total concentration values for the control and

low exposure were 25.43 uM and 29.54 uM respectively (Fig. 6A and C).

Total SOD activity likewise significantly increased in the low exposure group

relative to the control (1.05¢%*). Mean total SOD activity values for the control and low

exposure were 0.004 U/mL and 317.42 U/mL respectively (Fig. 6B and D).
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Figure 6. Total GSH Concentration and SOD Activity Values. Total GSH concentration in
control (A) and low exposure system (C, 10 ug/L). Total SOD activity at control (B) and low
exposure system (D,10 pg/L). Results for both GSH and SOD were significant (0.04508105 and

1.05¢* respectively).
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5. Discussion

Previous studies have investigated microplastic effects in small warm water fish
or determined rates of wild caught plastic ingestion, however in situ lab research of
commercial fishes has been lacking. Our findings suggest that despite size and life-
strategy differences, many overarching themes regarding microplastic affects in smaller,
warm water fish do transfer to large commercial fish as well. Our results also suggest that
more aggressive and bold fish could be at higher risk of exposure, and that threshold
values exist at which steelhead trout are no longer able to cope with microplastic

ingestion.

Behavioral impacts

Microplastic consumption and digestion was high within the treatment groups,
resulting in all fish within the high exposure group dying prematurely. Among deaths,
those with increased weight and decreased length died earlier than longer and thinner
fish. In the wild and farmed populations, salmonid species such as steelhead trout create
aggressive feeding territories in which high competition results in unequal resource
partitioning (Keeley, 2001). Due to this inequality, it is likely more aggressive fish
consumed larger amounts of both food and microplastics, and therefore were at greater
risk than smaller “shy” fish. Similarly, a study by Chen et al. (2020) found that zebrafish
exposed to polystyrene plastics differed in ingestion capacity based on personality
boldness, with “bolder” fish more likely to approach and ingest microplastics than “shy”
fish (Chen et al, 2020). Studies have also shown that microplastic ingestion capacity in

fish varies based on life stage (Salerno et al., 2021) and feeding mechanisms of fish, with
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species that swallow food whole at greater risk than filter or sucking feeders (Li et al.,
2021). As steelhead are swallow feeders and additionally have varying sizes throughout
life stages, it is likely that these compounding factors increase microplastic susceptibility
and risk, with our study suggesting steelhead remain susceptible at least through the
juvenile stage.

Swimming behavior changes were also observed among microplastic exposed
individuals that were determined to be a result of changes to swim bladder function.
Difficultly in swim bladder function could be due to increased susceptibility to swim
bladder disease, which can be contracted due to gastrointestinal issues such as
inflammation (Conte, 2004; Du, 2020) or possible translocation of microplastics to the
pneumatic duct (Yuji, 2020). Moreover, Yong (2020) reported difficultly in swim bladder
formation following exposure to 51 nm nanoplastics in zebrafish larvae development
(Yong, 2020), however, our results additionally suggest support for malfunction in swim
bladder function past the developmental stage.

Researchers have also reported altered feeding behavior in the form of reduced
food intake, altered hunting behavior, and overall reduced activity following microplastic
exposure among fish species (Yin, 2018; Zhang, 2021). Using a marine Jacopever fish
exposed to 15 uM polystyrene microplastics after 14 days, Yin and colleagues (2018)
showed significant decreases in foraging and swimming behavior, along with increased
shoaling behavior (Yin et al., 2018). Similarly, after day two of microplastic exposure,
both of our experimental tanks demonstrated decreased foraging activity and reduced
swimming behaviors. There are several possible explanations for these behavioral shifts,

including increased damage to the digestive tract and therefore reduced metabolism
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(Beachler, 2020; Du, 2020; Lei, 2018; Limonata, 2019; Qiao, 2020; Wan, 2019; Zhao,
2020), stress-induced behavioral changes (Lu, 2018; Yin et al., 2018), or neurological
changes following high microplastic consumption (Anbumani, 2015; Salerno, 2021;
Mattsson et al., 2017).

Several external morphological shifts were seen post-exposure, with high
exposure experimental fish exhibiting spinal flexures and swollen abdomens consistent
with previous studies in zebrafish exposed to 70 uM microplastics in (Lei, 2018) (Fig. 7).
However, these changes were only consistent in the high exposure tank premature deaths,
suggesting interior blockages or inflammation are only visible externally in high
exposure scenarios. Additionally, considering swim bladder malfunction and significant
size differences in fish that died prematurely, our results suggest increased microplastic

susceptibility in larger, more aggressive fish that readily consume microplastics.

Figure 7. From Lei (2018)., A, B: Imaging of zebrafish after ten-day exposure to 70 uM
microplastics (polyamides, polyethylene, polypropylene, polyvinyl chloride, and polystyrene)
(Lei, 2018). A indicates control, B indicates dead fish after exposure. C, D: Imaging of steelhead
fish from this study, C indicates control and D indicates high exposure fish (100 pg/L) after 13-
days of polystyrene exposure.
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Histology tissue damage

Histological analysis results emphasized complete dysfunction of digestive
systems even in low exposure fish when compared to the controls. Three full intestinal
blockages were visible in experimental fish that died prematurely, with one additional
fish containing microplastics in portions of the esophagus (Fig.8). While intestinal
blockages are recorded commonly in numerous marine organisms from birds to fish,
(Choy, 2013; Du, 2020; Fackelmann, 2019; Lusher, 2022; Wright 2013), our results
suggest that microplastics are capable of being passed by steelhead trout at the juvenile
life stage and beyond to a threshold point. Several studies have reported damage from
intestinal blockages, including reduced food intake and physical damage, eventually
resulting in decreased nutrition, growth, and intestinal dysbiosis (Choy, 2013; Du, 2020;
Fackelmann, 2019; Lusher, 2022; Wright 2013), and similarly, those that experienced
blockages likely died immediately after obstruction. Furthermore, as fish are exposed to
microplastic size variations (from 5 mm to 1pm) during the plastic decomposition
process, it is likely that damages to the gastrointestinal tract vary for commercial fish; for
example, macroplastics and large microplastics increase the likelihood of blockages,
whereas nanoplastics increase the likelihood of translocation across cell membranes

(Granby, 2018; Mattsson, 2017).

Figure 8. Microplastics Visble in the Gastrointestinal Tract. Low exosure fish (A),
high exposure fish (B). Both fish died prior to the euthanization date.
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Histological analysis of the gastrointestinal tract indicated significant severe
damage from microplastics resulting in total disfunction and likely death in the low
exposure fish (4.7312 e%). While damage is not uncommon from microplastic exposure,
varying degrees of damage exist dependent on life stage, type of plastic, and relative size
of fish exposed (Salerno et al., 2021). For example, several studies in zebrafish have
indicated damage from exposure, including increased intestinal inflammation, tearing of
tissues and intestinal villi, and proliferations of plastics into surrounding tissues (Du,
2020; Fackelmann, 2019; Lu, 2016; Lu, 2018; Lei, 2018; Qiao, 2020). Additionally, in a
study by Peda et al. (2016) focusing on the larger European sea bass, severe intestinal
damage was found to be consistent with our findings, including detachment and
dysfunction in intestinal tissues, loss of tissue structure, and major cellular alterations.
Our findings also found that juvenile fish began to die from low concentrations after day
16 of exposure, suggesting that fish may be able to repair intestinal damages from acute

but not chronic periods of exposure.

Liver Function

Our study demonstrated significant increases in total GSH concentration in the
low exposure group of 10uM/L relative to the control group, suggesting induction of
oxidative stress and liver damage following plastic exposure. Total GSH concentration
has been shown to increase in response to cell damage from unregulated reactive oxygen
species (Srikanth, 2012). As reactive oxygen species and their products increase,
enzymatic and nonenzymatic antioxidants such as glutathione and glutathione reductase

promptly act to remove and prevent further cellular damage. However, with disfunction
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of this coupling relationship, oxidative stress increases, cellular metabolism is reduced,
cell death increases, and eventually organismal death occurs (Pena-Llopis, 2003;
Srikanth, 2012). Similarly, our results suggest that microplastics likely alter cellular
metabolism and coupling of GSH, dependent on rate of microplastic consumption.
Studies investigating GSH shifts following metal exposure in fish found increases in total
GSH concentration after exposure (Atli, 2008; Srikanth, 2012), and similarly,
upregulation of GSH is successful in limiting damage from thermal stress in fishes (Do,
2019; Kim, 2019; Pena-Llopis, 2003; Srikanth, 2012). When exposed to various
microplastics, GSH function has been shown to decrease significantly over time in fish as
a result of diminished activity following increased ROS production (Lu, 2018; Wan,
2019; Yu, 2018). In contrast, one study by Wen, 2018 showed that exposing 32-40 um
polystyrene microplastics were exposed to blue discus (Symphysodon aequifasciatus),
GSH concentration values increased significantly. Overall, this suggests that GSH
concentration is dependent on exposure period and microplastic size, but also individual’s
capability of regulating the coupling of GSH and GSSG (Srikanth, 2012). Further, our
results suggest that total GSH concentration varied following microplastic exposure
likely due to microplastic size and capacity to cope with individual ingestion rates, as
these values varied per organism.

With the increase of reactive oxygen species, total SOD activity also acts to
prevent anoxic damage to cells and is often widely distributed to prevent disease
including neurogenerative disorders (Mattsson, 2017). Found in the majority of animal
and plant species, SOD regularly is used to identify oxidative stress levels in wild caught

fish relative to pollutants such as metals and insecticides (Dawood, 2020; Naz, 2019;
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Pena-Llopis, 2003; Wen, 2018), which increase SOD levels with increased exposure.
Similar to these pollutants, our research demonstrates increases in total SOD activity
levels due to microplastic exposure, indicating increases in oxidative stress and liver
damage. Additionally, studies have shown polystyrene exposure in discus, zebrafish, and
Chinese mitten crabs likewise increases total SOD activity following exposure (Lu, 2016;
Lu, 2018; Wen, 2018; Yu, 2018). In a study by Lu et al. (2016), polystyrene exposure
also increased SOD activity from 5 pm to greater than 70 nm, although larger
microplastics also have the ability to decrease nutrient intake and further induce oxidative
stress (Lu et al., 2016). Given our study fish additionally showed decreased feeding rates,
it is probable that with decreased metabolism, oxidative stress would also increase,
resulting in the extreme differences visible in our study.

Increases in oxidative stress have been shown to alter many features of digestion
and metabolism, including gut dysbiosis (Fackelmann, 2019), increased inflammation
and disease susceptibility, decreased metabolism, and cell apoptosis (Burton, 2011; Sies,
2017; Yu, 2018). As microplastics have illustrated increased damage to intestinal tracts
and inflammation, inability to repair such damage from increased oxidative stress has
potential to further compromise overall intestinal tissue function and integrity and reduce
feeding capacity (Du, 2020). Additionally, increases in oxidative stress can further affect
developmental and reproductive functions through the decrease of growth rates and
reproductive output (Chowdhury, 2020; Lu, 2016), increase of heavy metal retention (Lu,
2018; Tourinho, 2019), and delay and increase of malformations during development
(Chowdhury, 2020). Our study demonstrates that with polystyrene exposure, steelhead

trout increase both total SOD activity and GSH concentration values, therefore,
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indicating overall increases in oxidative stress as well. With the potential of chronic
exposure from microplastics in wild caught and farmed populations, sustained damages
from oxidative stress will further inhibit their ability to mitigate damage.

As steelhead trout populations migrate through waterways with various
fluctuations of microplastic exposure levels, oxidative stress will also likely fluctuate
synonymously. In large rivers, for example, microplastic concentrations vary based on
many factors, including turbidity, river size, and distribution within the water column
(Liedermann, 2018). With these variations, potential “hot spots” of high microplastic
concentrations could rapidly increase oxidative stress within short regions or periods of
time. As increases in oxidative stress have been shown to cause damages across
metabolic, physiological, and developmental systems (Chowdhury, 2020; Fackelmann,
2019), repeated exposures throughout waterways will likely result in chronic liver
damages and eventually in cell death (Chowdhury, 2020; Fackelmann, 2019). Finally,
given oxidative stress damage has been shown to affect both farmed and fish populations
(Chowdhury, 2020), both groups will likely sustain lasting effects from cellular damage

even under acute microplastic exposure conditions.
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6. Conclusion

Our study presents the findings that microplastics pose several threats to steelhead
trout even at low concentrations of 10 pg/L. Both high and low concentrations of
polystyrene within 21 days demonstrated significant die-offs prior to experimental
completion and shifts in feeding and swimming behavior. Additionally, low exposure fish
showed significant damage to the intestinal tract and increases in oxidative stress levels
post exposure. While our research introduces the beginning of negative behavioral and
physiological impacts in juvenile steelhead, further research is needed to investigate
impacts of multiple plastic polymer types across numerous life stages in large
commercial fish.

Seafood accounts for 17% of animal protein consumption worldwide (Smith et
al., 2018), and will be critical to accommodate predicted increases in world population
and consumption in the future. Our study suggests that high microplastic exposure within
21 days can induce severe intestinal physiological damages, and additional microplastic
studies have shown reduced growth (Pena-Llopis, 2003; Srikanth, 2012) and increased
disease susceptibility (Brown, 2019) in both wild caught and farmed fish populations.
Without mitigation of microplastic exposure, sustained damage and minimal growth will
likely result in reduced fish output and production in both farmed and wild caught
populations, and further reduce seafood availability over time. As a result, future
consumption rates will not be able to be maintained to support increased human
population.

Not only are fish important to human consumption, but they are essential to

maintaining ecosystem dynamics worldwide. Particularly, large anadromous fish such as
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steelhead trout are highly susceptible to microplastic exposure as they interact in both
freshwater and saltwater systems and complete annual migrations. Due to this widespread
ecosystem interaction, steelhead and other salmonids often establish a critical role as a
keystone species and heavily impact several food chains. Therefore, in order to reduce
damaging risks from microplastic exposure during migration, microplastic concentrations
must be determined across heavily utilized waterways to establish frameworks for
management of high-risk areas. After understanding microplastic hotspots, we can limit
exposure to these important keystone species throughout the migratory period and assure
that surrounding food chains remain supported as well.

Finally, with proper disposal of plastics and additional waste, we can reduce
ecosystem integration of plastics into waterways from the source. Through the creation of
accessible recycling programs in areas with high human populations and single plastic
use, longstanding methods can be established to minimize efflux of plastic into
ecosystems. Additionally, with innovation and use of biodegradable plastics, microplastic
decomposition rates will decrease and plastic accumulation will reduce over time. With
centralized effort in recycling and reusing plastic products, we can limit risk and damage
in highly concentrated areas and assure that commercial fish such as trout will be

conserved well into the future.
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