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ABSTRACT

Microplastics (<5 mm) are ubiquitous in the global environment and are
increasingly recognized as a biological hazard, particularly in the oceans. Due to the small
and pervasive nature of these particles, zooplankton have been known to consume and
egest microplastics. Though zooplankton play critical roles in marine food webs and the
biological pump through carbon rich fecal pellets, we know little about the effects of
microplastics on early life stage growth, reproductive output, and carbon storage. Here, I
investigated the effects of ingestion of low-density Polystyrene beads (5 um) by the
copepod Acartia tonsa on (1) early life stage (naupliar) growth, (2) adult fecundity and egg
quality, (3) and fecal characteristics. I further explore potential impacts on carbon storage
and the biological pump. A. fonsa were reared in one of two treatments: a 1:1 ratio of
microplastics to 501 ug C L™ algae particles, or 501 ug C L™ algae only. Nauplii exposed
to microplastics had shorter body lengths; additionally, adults produced eggs with smaller
diameters and excreted smaller, more fragmented fecal pellets. Contaminated fecal pellet
sinking rates were calculated to be 3.73 times slower and 2.29 times smaller than without
microplastics. These two factors resulted in 8.56 times less fecal volume settling in the
benthos per day for contaminated fecal pellets compared to control fecal pellets. Shorter
zooplankton body lengths could reduce zooplankton morphology and population sizes, and
thus impact higher trophic levels that depend on zooplankton as the critical link to the
energy generated by primary producers. Slower fecal sinking rates can result in lingering
carbon in the euphotic zone and increase the chance of contaminated fecal pellet
consumption by coprophagous organisms. Taken together, these results suggest that
microplastic consumption by zooplankton can impact the oceanic food chain, and slow
carbon storage.
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CHAPTER 1: COMPREHENSIVE LITERATURE REVIEW
1.1. Introduction

For decades, human activity has put immense stress on global marine ecosystems polluting
the ocean with plastic debris. While the use of plastic products may seem like a critical part of our
culture, large-scale production and heavy dependence on plastics only began in the early 1950s
(Geyer et al., 2017). Since the start of industrial production, an estimated 8 million metric tons of
plastic, including 236,000 tons of microplastics, make their way into the ocean annually (Jambeck
et al., 2015). Plastic constitutes 10% of waste generated worldwide, and of this, 50% are single-
use and non-renewable plastics (Mathalon & Hill, 2014) such as packaging materials, grocery
bags, and straws (Cole et al., 2011). Marine plastic debris is an increasing biological and ecological
issue due to their negative impacts on marine life (Alomar et al., 2016). The ocean produces over
50% of the world’s oxygen and has high economic value through activities such as tourism and
shipping (NOAA, 2020a). Marine ecosystems also provide critical sources of food for many
human populations such as wild caught fish and natural plant commodities (Barbier, 2017). Thus,
understanding the impacts of plastics on ocean ecosystems is vital.

A combination of large plastic debris, (macroplastics), and microplastics, (<5 mm in
diameter) (Moore, 2008) make up 80 to 85% of all marine debris found either floating near the
surface of the water column, or embedded in benthic sediment (Auta et al., 2017; Chiba et al.,
2018; Jamieson et al., 2019; Law & Thompson, 2014). Macroplastics (>5 mm), such as plastic
bags, commercial netting, and straws affect large marine biota such as whales (De Stephanis et al.,
2013; Jacobsen et al., 2010; Unger et al., 2016) and economically important fish species (Miranda

et al., 2016; Rochman et al., 2015). Due to the visible harm of these organisms, large oceanic



plastic debris has been extensively researched since the early 2000s, such as in the North Pacific
Gyre (Moore, 2008). Plastic consumption has been observed by at least 44% of marine bird species
(Rios et al., 2007), and on beaches around the world (Corcoran et al., 2009; Le Guern, 2009). Less
than 5% of all plastic material has been recovered and processed, leading to the vast accumulation
of plastics in the marine environment (Sutherland et al., 2010). Although large plastic particles are
easily viewed with the naked eye, oceanic plastic concentration predictions are still estimated with
great uncertainty (Barnes et al., 2009; Jambeck et al., 2015). Fragmentation of larger plastics into
microplastics has multiple components, including weathering, UV degradation, abrasion, and their
combinations, over time (Hidalgo-Ruz et al., 2012; Thompson et al., 2004). These factors increase
the abundance of marine litter throughout the water column, effectively increasing their
availability to encounter rate with marine organisms (Law & Thompson, 2014). In addition,
decreasing particle size increases the size range of species exposed, thus affecting a wide
assortment of species (Botterell et al., 2019). Even though macroplastics have been the focus of
study since the early 2000s, however both microplastics and large plastic debris can negatively
affect marine life (Cole et al., 2013).

Microplastics are increasingly recognized as one of the new marine challenges in the
Anthropocene. Microplastics are produced from a variety of plastic polymers, some chosen for
their buoyancy properties, others for durability (Cole et al., 2011). Some common plastic types are
polyvinyl chloride, nylons and polyethylene, polypropylene, and polystyrene (Auta et al., 2017).
Plastics such as polyethylene and polypropylene are less dense than water, allowing them to float
and resulting in high concentrations at the surface (SEA, 2012). Polystyrene is almost neutrally

buoyant, allowing for the possible even distribution throughout the water column (Akester, 2019).



Polyvinyl chloride is negatively buoyant, concentrating these particles lower in the water column
or settled in benthic sediment (Andrady, 2011; Jamieson et al., 2019). With this wide breadth of
microplastic polymers, common quantification techniques of floating plastic debris seriously
underestimate the amount of plastics in the ocean (Andrady, 2011). Consequently, removal and
remediation methods can be complicated. Using surface-water collection such as shallow trawls
usually excludes mid-water and benthic microplastics from concentration estimates (Andrady,
2011).

Microplastics enter and are carried throughout the ocean by many different processes.
Transport vectors include Ekman currents (Kubota, 1994; Kubota et al., 2005; Martinez et al.,
2009; Onink et al.,, 2019) stokes drift (Fraser et al., 2018; Onink et al., 2019), seasonal
freezing/thawing of drifting Artic Sea ice (Bergmann et al., 2019; Geilfus et al., 2019; Lusher et
al., 2015; Peeken et al., 2018) and windy/storm weather conditions (Lattin et al., 2004). The rate
of degradation and persistence of these particles depends on type of polymer, density, shape, and
durability (Eriksen et al., 2014). Most types of plastics are extremely durable, suggesting that the
majority of polymers produced today will persist for at least decades, centuries, and possibly
millennia (Hopewell et al., 2009).

Due to their small size and pervasive nature, microplastics have been ingested by marine
organisms such as brown shrimp (Crangon crangon) (Devriese et al., 2015), amphipod crustaceans
(Cau et al., 2019; Iannilli et al., 2018; Jamieson et al., 2019; Ugolini et al., 2013), barnacles
(Goldstein & Goodwin, 2013), corals (Hall et al., 2015), oysters (Green, 2016), and zooplankton
(Botterell et al., 2019; Cole et al., 2011, 2013, 2016, 2019; Coppock et al., 2019; Zhang et al.,

2019a), however, the effects of microplastics on many other organisms have not been identified



(Nelms et al., 2018). These small marine organisms will consume microplastics by either false
identification of food, or co-ingestion with algae, which can cause starvation and low fecundity
for marine life (Cole et al., 2013, 2019; Ottvall & Carlsson, 2016). Small marine organisms provide
critical ecosystem services, ranging from water filtration by oysters, storm barriers by corals, and
zooplankton which play a key role in marine food webs (Botterell et al., 2019; Green, 2016; Hall
et al., 2015). In the presence of microplastics, ecosystem services could be negatively affected,
and the quality of marine environments could start to degrade. The full extent to which microplastic
consumption impacts small oceanic organisms is ambiguous, but because both small plastic debris
and zooplankton are similar in size, they are consistently found in equal amounts in surface trawls
(Thompson et al., 2004). This strongly suggests that microplastics are in such high densities in the
upper water column that they are readily available for zooplankton to ingest by means of non-
selective filter feeding (Wirtz, 2012). With a non-selective filter feeding mechanism, all particles
under a certain size are ingested by these small marine species (Kierboe, 2011).

Zooplankton constitute a phenotypically and taxonomically diverse group (Pomerleau et
al., 2015). They are distributed ubiquitously in the world’s oceans, inhabiting surface waters to the
benthic water column (McManus, 2012), and included in this group are copepods, which are the
most abundant metazoan on earth (Turner, 2004). Zooplankton consume carbon that was fixed by
planktonic phototrophs (algae) (Longhurst & Harrison, 1989), providing the critical link between
primary producers and secondary consumers in the oceanic food web (Cole et al., 2019). Within
the complex network of marine food webs, carbon and nutrients are circulated via feeding, fecal
pellets, molts, carcasses, and vertical migration (Steinberg & Landry, 2017). Zooplankton, through

these vectors, directly affect the elemental stoichiometry and material fluxes between particulate



and dissolved matter, and in turn provide important drivers for the biological pump (Paffenhdfer
et al., 2001). The biological pump, a combination of biological, chemical, and physical processes
that sequester atmospheric CO: to the ocean’s interior (Hain et al., 2013), is vital to slowing down
the rate of climate change, absorbing about 30% of anthropogenic carbon emissions in the past
decades (Bopp et al., 2020).

Copepod fecal material substantially contributes to the transfer of atmospheric carbon
dioxide to the deep ocean via the biological pump (Coppock et al., 2019). Copepods readily
incorporated polystyrene microspheres into their fecal pellets which decreased fecal sinking rates
by 2.25-fold (Cole et al., 2016). Additionally, fecal pellets containing high density plastic polymers
sank faster than pellets without microplastics (Coppock et al., 2019). The significant change of
fecal sinking rate could prolong the amount of time microplastic ridden fecal pellets reside in the
upper water column, where high concentrations of organisms are located. The decrease in sinking
rates may also slow the rate of oceanic carbon storage, which, in the current climate crisis, can
complicate the remediation efficiency of rising greenhouse gases (Folger, 2009). Factors already
affecting plankton communities such as increasing ocean temperatures (Mackey et al., 2012;
Richardson, 2008), decreasing oxygen (Marcus, 2011; Wishner et al.,, 2018), and ocean
acidification (Hammill et al., 2018; Smith et al., 2016; Zervoudaki et al., 2015) are predicted to
result in widespread changes in zooplankton carbon cycling in the future (Steinberg & Landry,
2017). By adding the effects of microplastics on zooplankton, their function in the biological pump
may be hindered even more.

This review: 1) summarizes the current knowledge of the types of microplastics and their

presence in the marine environment; 2) evaluates the effects of ingestion of microplastics on



marine zooplankton with a focus on copepods; 3) suggests the potential bioaccumulation of
microplastics in marine food webs; and 4) assesses zooplankton’s role in the biological pump, and
how the presence of microplastics affects the storage of oceanic carbon. It is important to
understand the effects of microplastics will have on a foundational species found worldwide near
the base of food webs, the copepod Acartia tonsa. This species has a wide geographical range,
from the Atlantic to the Pacific Oceans, to coastal estuaries (Gonzalez, 2014).
1.2. Methods

During the months of December 2019 and January-March 2020, Web of Science was
searched through the year 2020 with the following two terms denoted by the parentheses;
“(Microplastic* AND zooplankton AND (ingest* OR “fecal pellets” OR “biogeochemical
cycling” OR “biological pump” OR “marine food web” OR “feeding mechanism*” OR “oceanic
food webs™))”, and “(Microplastic* AND “marine plastic debris” OR “ocean gyres” OR “marine
trophic transfer”)”. These searches resulted in 143 and 203 papers respectively. Each article title
was reviewed and automatically eliminated if there was no relevance to the main themes of this
review: the effects of microplastics on zooplankton, and oceanic microplastics. After this initial
culling, remaining abstracts were read, and papers were further eliminated for the following
reasons: 1) did not include microplastics, or if microplastic studies were done in extremely specific
geographical areas i.e. remote marine reserves, 2) studies were conducted in freshwater, estuary,
or terrestrial environments, 3) included species other than zooplankton (elimination did not apply
to food web or trophic transfer studies), 4) focused on specific management or detection
techniques, resulting in 184 papers included in this review. Historical papers, or papers with

statistics and knowledge which may be considered outdated, were not automatically rejected.



These papers provide critical baseline microplastic information which is important to understand
the growing problem of marine microplastic debris, including their effects on marine organisms.
1.3. Classes of Microplastics

Microplastics in the marine environment originate from a plethora of sources and vary
greatly in particle size, shape, chemical composition and density (Duis & Coors, 2016). The release
of microplastics occurs during all stages of the plastic life cycle, formulation, transport, usage,
improper disposal such as industrial dumping, and erosion of larger particles (van Wezel et al.,
2016). Plastic particles that are specifically manufactured to be microscopic in size, such as facial
exfoliants and cosmetics, are classified as primary (Cole et al., 2011). Secondary microplastics
result from the fragmentation of larger plastic products, such as discarded marine fishing
equipment, bottles, and plastic bags, due to weathering and abrasion (Andrady, 2017). Both types
of microplastic particles have numerous points of entry into the marine environment; however,
due to their microscopic size, ascertaining exact concentrations or prolific sources is difficult. The
following two sections aim to provide an overview of sources for both types of microplastic
classifications.
1.3.1. Primary Microplastics

Primary microplastics are manufactured specifically to incorporate into cosmetic,
industrial or medical products. Patented in 1972, plastic synthetic particles have been advertised
and incorporated in facial cleansers, body washes, and soaps for a “deeper and better clean”
(Beach, 1972). In addition to facial products, microplastics have been used in toothpaste, make-
up, insect repellants, and baby products (Castafieda et al., 2014; Cole et al., 2011; Duis & Coors,

2016; Fendall & Sewell, 2009; Leslie, 2017). Up until the implementation of the 2015 Microbead-



Free Waters Act, primary microplastics took the place of natural products in traditional facial
cleansers, such as pumice, ground walnut husks, and oatmeal (FDA, 2015; Fendall & Sewell,
2009). Small plastic pellets are produced as raw material, to manufacture larger plastic items such
as plastic bags (Magnusson et al., 2016), and can wash into the ocean after accidental spilling
during production, transport, or use (Andrady, 2017). These plastic pellets comprise common
plastic polymers, such as polyethylene and polystyrene, which can leach chemical compounds in
artificial sea water (Blastic, 2018). Primary microplastics are incorporated in blasting grit for
sandblasting shipyards, gas exploration, fracking, painted metal constructions and other industrial
uses (Sundt et al., 2014). Medically, these particles are incorporated in dentist tooth polish, medical
disposables, medications, as well as antimicrobial agents (DG Environment Report, 2017).
1.3.2. Secondary Microplastics

A combination of physical, chemical, and biological processes reduces the structural
integrity of large plastic debris, leading to fragmentation and formation of secondary microplastics
(Browne et al., 2007). Discarded bottles, shoes, toothbrushes, fishing nets and ropes are just a few
examples of larger plastic debris that serve as the ‘parent material’ for secondary microplastics
(Cressey, 2016). Other sources include synthetic clothing; an estimated 700,000 fibers could
fragment and be released from an average 6 kg load of acrylic fabric in household laundry (Napper
& Thompson, 2016). Physical abrasion and turbulence by ocean waves in conjunction with direct
exposure to sunlight on beaches and surface waters will degrade and fragment plastic rapidly
(Barnes et al., 2009; Browne et al., 2007). The fragmented particles can either be integrated into
beach sediment or washed back into the ocean (Wessel et al., 2016). Floating ocean plastic that is

exposed to prolonged periods of sunlight can result in photo-degradation; ultraviolet (UV)



radiation initiates photo-oxidative degradation (Andrady, 2011; Moore, 2008). Degradation can
also occur thermooxidatively, without further exposure to UV radiation, allowing plastic debris
that sinks below the ocean surface to possibly continue to fragment (Webb et al., 2013). Such
processes are continual, with plastic debris breaking down further and further over time until they
become ‘microplastic’ (<5 mm) in size (Cole et al., 2011; Moore, 2008).
1.4. Microplastics in the Ocean

Plastic debris encompasses a large size range, from visibly large and easily removable
items, to microscopic particles that are difficult to filter out of sea water. Because of their size,
microplastic detection and their adverse biological effects is challenging (Shim & Thomposon,
2015). The Manta trawl with a mesh size of 335 um is used to collect and estimate microplastic
concentrations, thus microplastics smaller than 335 gm will pass through the mesh undetected and
will not be sampled (Botterell et al., 2019). This creates a large knowledge gap in small
microplastic abundance and concentration in marine ecosystems. Despite current ocean cleanup
efforts, such as public beach cleanups or ocean surface skimming, the number of plastic particles
is likely to increase over time due to their durability and persistence (Shim & Thompson, 2015).
To reduce oceanic plastic persistence, identifying original sources of macro and microplastics will
help to provide prevention and remediation solutions. In this section, I identify sources of plastic
litter of all sizes, as well as how microplastics may travel and converge in large masses in the water
column. Considering the effects of both large and small plastic particles is important, for over the

course of time, all will break down and fragment to microplastics.



1.4.1. Sources of Microplastics

Marine debris increases from improper disposal of plastic items such as incorrect recycling
techniques or being dumped either directly or indirectly into the ocean (OSPAR, 2009). Of the
total marine litter, 60 to 80% comprises plastics; this number can reach as much as 90 to 95%
(Derraik, 2002). Microplastics can be characterized by their size, shape, color, chemical
composition, and density, all of which create a variety of marine particles (reviewed by Andrady,
2017; Botterell et al., 2019; Cole et al., 2011; Hui et al., 2020; ITUCN, 2015; Wright et al., 2013).
Variation in plastic characteristics increases the number of marine ecosystems such as seagrass
beds (Seng et al., 2020) and pelagic waters (Doyle et al., 2011), where these particles are found.
Plastics in the marine environment come from two main sources: illegitimate dumping of garbage
from ships at sea and land-based sources (Browne et al., 2007). Land-based sources include river-
transported debris from farms, effluent from wastewater treatment plants, wind-transported litter,
fibers resulting from clothes washing, and recreational plastic left on beaches (IUCN, 2018).

Land-based plastic debris contributes about 80% of the plastics in marine litter (Andrady,
2011). Microplastics present in cosmetics, intended to be washed down the drain, or synthetic
fibers from laundry, an accidental byproduct, can enter the marine environment through industrial
or domestic drainage systems (Auta et al., 2017; Miljedirektoratet, 2014). These systems lack
sufficiently small sieves and filtration systems to remove small particles (Auta et al., 2017;
Miljedirektoratet, 2014). When cosmetic microplastics were at their peak use in 2015, daily
emissions from hand washing alone were 1 gram per capita, per year (Miljedirektoratet, 2014).
Microplastics that are not removed from wastewater effluent can enter river systems or ground

water tables which, during transport to the ocean, contaminate aquatic environments (Cole et al.,
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2011). For example, treatment plants with an estimated particle retention ability of 84% can still
discharge up to 160 million microplastic particles a day in its effluent (Magni et al., 2019). Plastic
particles that are retained and trapped in sewage sludge are often spread as fertilizer on agricultural
lands, with the potential for human consumption (Mahon et al., 2017; Ryan et al., 2009). When
sewage treatment plants become overloaded, they sometimes release untreated and unfiltered
effluent into aquatic systems (Galafassi et al., 2019). Released effluent contaminated with
microplastics can be further spread in aquatic systems by extreme weather such as flash flooding
or hurricanes (Barnes et al., 2009).

Rainfall also has the potential to wash large amounts of microplastics into aquatic
environments via runoff (Cole et al., 2011). Plastic pellets, or ‘nurdles’, are small particles that are
industrially produced, and act as foundational virgin resin pellets to produce larger plastic pieces
(Duis & Coors, 2016; Miljedirektoratet, 2014; Sundt et al., 2014). Resin pellets spilled during the
manufacturing or transportation process can be transported or spread by rainfall into the marine
environment (Weithmann et al., 2018). Also transported by rain, vehicle tires and road markings
eventually erode and create particles that consist of numerous synthetic polymers (Grand View
Research, 2020; Sundt et al., 2014). Studies in Denmark have reported that 2000 to 5600 tons of
microplastics are discharged into effluent yearly from tires and textiles such as clothing (Lassen et
al., 2015).

Around ~5 billion tons, or 60% of plastics manufactured to date, have been improperly
discarded in the natural environment or are presently accumulating in landfills (Geyer et al., 2017).
To reduce erosion, waste that is dumped in industrial countries’ landfills is usually covered with

soil or synthetic materials, and fences are implemented to reduce debris being blown away (Duis
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& Coors, 2016). However, in developing regions and countries, the necessary infrastructure to deal
with large quantities of waste is lacking, resulting in large quantities of plastics transported into
the marine environment (Duis & Coors, 2016). Because the ocean is downstream from most human
civilizations, lightweight waste lacking significant landfill infrastructure runs off into the ocean
(Moore, 2008). When landfills become full, or reach their quota, debris is sometimes incinerated,
shipped to other landfills, or allowed to overflow from storage warehouses, all of which have the
potential to release plastic particles into the environment (Thompson, 2019). According to the
Environmental Protection Agency (2016), the United States currently burns around 33 million tons
of waste each year for energy generation, releasing microplastic particulates into the air. With
landfills filling up around the world, they will increasingly add to the macro and microplastic
issues in the marine environment (CalRecycle, 2018).

Far more abundant in earth’s oceans are plastic particles typically derived from
fragmentation of larger debris during use or weathering and degradation (Barnes et al., 2009). As
previously decsribed, these particles constantly break off parent material into smaller and smaller
pieces, exponentially adding to microplastic particulates on beaches, and the marine environment.
Plastic debris on beaches have high oxygen availability, direct exposure to sunlight, and high
temperatures, which cause rapid degradation through a series of chemical reactions (Andrady,
2011; Barnes et al., 2009). Pollution of marine and coastal environments with discarded and ‘one
use’ plastic products is a rapidly increasing and significant global issue (UNEP, 2014). Debris
collected during a beach cleanup along California’s coast constituted of 54.3% recreation
activities, 4.4% smoking, 3.2% ocean/waterway activities, and 0.5% medical/personal hygiene

products (Thevenon et al., 2015). It is difficult to determine what percentage of this debris was
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directly deposited by beach goers (Moore, 2008), or if it washed onto the beach, however both
sources can be traced back to human activity.

Coastal tourism, recreational and commercial fishing, marine vessels and marine industries
(e.g. aquaculture, oil rigs) are maritime sources of plastic that can directly enter the marine
environment (IUCN 2015, 2018). About 10% of the marine plastic debris found in the ocean can
be attributed to the fishing industry (Thomas et al., 2019). When fishing nets become entangled on
the bottom of the ocean, or when they break at sea, many fishing vessels choose to release the
fishing nets into the ocean (Macfadyen, 2009). Discarded fishing nets have serious economic
impacts such as entrapping and killing marine life or ‘ghost fishing’, as well as jamming boat
propellers (NASA, 2010; NOAADb, 2020). Fishing nets and lines are commonly manufactured from
synthetic materials and slowly degrade in the environment; when lost, fishing nets can drift
thousands of kilometers into the open ocean (IUCN, 2015). These large fishing nets trap fish,
seabirds, and larger marine biota such as whales and seals sometimes strangling and killing them
(Hammer et al., 2012). Along with fishing vessels, commercial transport and recreational vessels
contributed an estimated 6.5 million tons of plastic into the ocean in the early 1990s (Derraik,
2002) due to a lack of enforcement and education (OSPAR, 2009). During production or
maintenance of these marine vessels, microplastic particles are used as alternatives to sandblasting
for cleaning or smoothening vessel hulls (Derraik, 2002). Using microplastic particles for air
blasting aids in cleaning rust and old paint off machinery and boat hulls (Pachkowski, 2016). The
microbeads are supposed to be recycled to some extent, and collection methods exist on the market;
however, general handling and collecting routines of this media is sometimes haphazard (Derraik,

2002).
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1.4.2. Spatial Trends and Transport

Microplastics have been observed on beaches, floating on the sea surface, and embedded
in the sea floor from coastal regions to the pelagic zone (Hidalgo-Ruz et al., 2012). With the wide
dispersal of these particles, there are many global potential hazards for the marine environment.
For example, colonization of plastic marine debris by sessile organisms provides a vector for
transport of alien species in the ocean, such as invasive flora rafting on large plastic mats, which
may threaten marine biodiversity (Gregory, 1991; Moore, 2008). Plastic mats can also leach
chemicals into the nearby water column (Auta et al., 2017). Although microplastic particles have
been discovered at oceanic depths of 10,890 meters, this area is extremely difficult to study due to
its vastness which may add to the reasons why benthic sediment is not thoroughly studied at this
time (Jamieson et al., 2019).

Driven by ocean currents, winds, river outflow and drift (Barnes et al., 2009; Onink et al.,
2019), plastic debris can be transported vast distances to remote, otherwise pristine, locations (Cole
etal., 2011). Microplastics contaminate shorelines on six continents from the poles to the equator,
with higher accumulation in densely populated areas (Browne et al., 2011). The presence of
microplastics can negatively impact the physio-chemical properties of the shoreline sediment, and
less importantly perhaps, may be visually displeasing to onlookers (Cole et al., 2011). Net
sampling does not collect smaller microplastics and no acceptable standard procedure is presently
available for separating them from water or sand, thus exact concentrations remain unknown (Avio
etal., 2017). The density of plastic debris on the surface of the ocean was considerably higher than
benthic plastics after a storm event, which could increase the presence of coastal plastic debris

(Lattin et al., 2004).
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Microplastic concentrations were higher offshore compared to the coastal waters of
California (Choy et al., 2019). This suggests that these particles may be transported by seasonally
distinct winds and upwelling dynamics which varies per season (Choy et al., 2019). For
microplastics, wind can play a significant role with low density plastic such as polystyrene,
however for the transport of denser plastics, other vectors are at play (Chubarenko et al., 2016).
Along with wind, the location of accumulation zones is largely determined by Ekman currents,
which transport microplastics to subtropical gyres, and Stokes Drift which leads to increased
plastic debris transport to the Arctic regions (Onink et al., 2019). An estimated average of 26,898
particles km™, ranging in size from 0.355 to over 4.750 mm, was found in the South Pacific
subtropical gyre (Eriksen et al., 2013). In the western region of the South Pacific Subtropical Gyre,
plastic pollution in an emerging contaminant on island shorelines and adjacent coastal waters
(Eriksen et al., 2013), and in the southeast, aquaculture debris is the most significant debris
contributor (Eriksen et al., 2013; Hinojosa & Thiel, 2009). Other garbage patches such as the
“Eastern Garbage Patch”, midway between Hawaii and San Francisco, is reportedly twice the size
of the state of Texas and only continues to grow (The Great Pacific Garbage Patch, n.d.). These
areas are sometimes called “deserts of the ocean,” or regions with low nutrient levels (van Sebille,
2015). Caused by global change, alterations in sea surface temperature, patterns of precipitation,
wind stress, severe storms, flooding events, and increasing sea levels will all make microplastics
more available for transport in the seas (van Sebille, 2015).

1.5. Microplastics and Zooplankton
Due to their small and variable sizes, microplastics are ingested by numerous species

ranging from microscopic marine invertebrates to large marine mammals (Nelms et al., 2019). As
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microplastic pollution and particle degradation continue to increase, their encounter rate with
marine biota also increases. Microplastic particles have been documented to cause harm to aquatic
organisms through both physical and chemical effects (Zhang et al., 2019b). Marine zooplankton
are often found in waters with high microplastic concentrations; near the North Pacific Gyre,
microplastics were six times more abundant than zooplankton (Seltenrich, 2015). After reviewing
43 studies looking at the effects of microplastics on fish, muscles, and zooplankton, Foley et al.
(2018) suggested that zooplankton are among the most susceptible biota to microplastic exposure,
as their growth, survival, and reproduction were negatively affected. The following five sections
provide an overview of microplastics bioavailability, growth impediment, consumption, excretion,
and survival for marine zooplankton, with a focus on copepods. Copepods are the most abundant
organism with approximately 13,000 species, not only in the zooplankton community, but in the
world’s oceans (WoRMS, n.d.).
1.5.1. Bioavailability

Microplastic particles are ubiquitous in the ocean. Recent estimates report the amount of
circulating plastic particles in the ocean is reaching 5.25 trillion particles (Seltenrich, 2015).
Several physical and biological factors can influence the bioavailability of microplastics to
zooplankton, such as size, shape, age and abundance (reviewed by Botterell et al., 2019).
Bioavailability is the key factor reflecting the potential toxicological influence of microplastics on
different marine species (ASmonaité & Almroth, 2019). In a study of beach shorelines from sites
across six continents, coastal plastic abundance to be highest in more densely populated areas
(Browne et al., 2011). Near shorelines around the globe, there are many species of estuarine

copepods, such as Acartia tonsa, which thrive in shallower waters and amongst these high plastic
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abundances. Remotely operated vehicles were used to examine the distribution of microplastics in
the Monterey Bay pelagic environment and found particles in highest concentrations between 200
and 600 meters from the ocean’s surface (Choy et al., 2019), where A. fonsa are known to inhabit
(Gonzalez, 2014). These high particle concentrations near the shoreline or in ocean gyres is thought
to be due to factors such as wind or ocean currents (Martinez et al., 2009).

High microplastic concentrations incorporated within marine organic debris blooms such
as marine snow is due to the hydrophobic properties, or the tendency to repel away from water
molecules, of plastics (Botterell et al., 2019). These aggregations amongst phytoplankton increase
the likelihood of microplastic encounters with organisms, and consumption by zooplankton due to
their non-selective feeding mechanisms (Long et al., 2015). Microplastics aggregate on the
external surface of the dead copepod species Temora longicornis (Cole et al., 2013), which could
lead to microplastic re-uptake by carnivorous zooplankton (Greve, 1977). Microplastics have also
been trapped between the external appendages, such as swimming legs, feeding apparatuses, and
antennae of live copepods, which can lead to reduced mobility and ingestion (Cole et al., 2013).

The quantification of microplastic concentrations in the marine environment is still
uncertain, and current estimates could be low. This can be attributed to the vastness of the ocean,
extreme depths (which are expensive and difficult to reach), constant mixing and circulating, as
well as inadequate sampling mesh. Missing microplastics in tows may be due to too small of plastic
pieces undetectable to conventional sampling nets, or because microplastics are sinking into the
deep pelagic water column (Cozar et al., 2014). The scarcity of oceanic plastic debris data limits

long-term studies, as well as monitoring of current plastic debris trends such as convergence zones
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and bioavailability to marine life, which could complicate remediation efforts (Morét- Ferguson
et al., 2010).
1.5.2. Consumption

Microplastic ingestion has been observed in about 30 laboratory studies investigating
marine holoplankton species, which are organisms that are planktonic for their entire lifecycle
(Botterell et al., 2019; Rogers & Thorp, 2015). Consumption was detected in a wide variety of
organisms and microplastic concentrations, from dinoflagellates sp. (10° microplastic particles
mL™) (Hammer et al., 1999) to twin sailed salps (Thetys vagina, 2.23 microplastic particles m™)
(Moore et al., 2001). Other examples include the copepod species L. macrurus and Acartia spp.,
which consumed microplastics when experimentally introduced; 43% of exposed Acartia spp.
contained ingested microspheres after 3 hours (Setdld et al., 2014). Ingested microplastics were
thought to be incorporated into the food-web via coprophagy and cannibalism (Setila et al., 2014).
The ecologically important cold-water copepod Calanus finmarchicus ingested nylon microplastic
granules (10-30 um), resulting in a 40% decrease in algal ingestion rates, and triggering premature
molting in juvenile copepods (Cole et al., 2019). Microplastics also obstruct feeding appendages,
reduce algal consumption, and stick to antennae which have mechanoreceptors that aid in prey
detection (Cole et al., 2013). These findings all have the potential to reduce energy intake, as well
as affect regular homeostatic functions in these marine invertebrates. The microplastic particle
concentrations used in these experiments vary in environmental relevance, and some may be
considered too high. Using a new autofluorescence method for detecting microplastics, a mean
plastic concentration of 8277 particles L™ was found in California waters, averaging 5—7 orders of

magnitude higher than previous studies (Brandon et al., 2020). This validates previous paper’s
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justification for using high experimental microplastic concentrations, however, due to the
complexities of extraction as well as the vastness of the ocean sampling, the full extent to which
microplastics are ingested and can impact upon zooplankton is uncertain (Cole et al., 2013).

Microplastic consumption has also been studied in the field. Understanding all possible
effects of microplastics on zooplankton is important, and when possible, studies in the natural
environment provide insight on these questions. Five zooplankton groups were studied in the upper
200-m water column in the northern region of the South China Sea, where consumption of a wide
range of microplastics was observed at all research stations (Sun et al., 2017). The highest
abundance of the ingested microplastics was 103.49, 20.03, 2.83, and 5.16 pieces m™ for copepods,
chaetognaths, jellyfish, and shrimps, respectively (Sun et al., 2017). Compared to the other
organisms in this study, copepods had the highest percentage of individuals (79%) that ingested
microplastics (Sun et al., 2017). In another region of the South China Sea off the coast of Malaysia,
plankton tows were conducted and an average of one plastic particle was detected in 130
specimens, assayed from 6 groups of zooplankton (Md Amin et al., 2020). The average length of
the ingested fibers and fragments were 534 +/- 372 um and 61 +/- 12 um respectively, which have
been known to be severely under-assayed by other studies due to inadequate sampling technique
(Md Amin et al., 2020). Microplastic abundances reported in this study were higher than those
previously reported in Asia and other regions, which suggests that oceanic debris concentrations
should be updated.

The wide range of zooplankton that have been found to ingest microplastics could be
attributed to the variety of interspecies feeding mechanics. Kigboe (2011) studied and summarized

four major feeding types in zooplankton (1) passive ambush feeders: which passively encounter

19



and intercept prey (2) active ambush feeders: which actively consume prey after a passive
encounter (3) feeding-current feeders: which generate a feeding current and retrieve prey either by
directly intercepting it, by filtering the prey out of the generated current, or by perceiving and
capturing individual prey (4) and cruise feeders: which perceive and capture individual prey while
cruising through the water. These feeding mechanisms allow for the organism to potentially
misidentify microplastic particles for nutrients regularly ingested, possibly affecting filter feeders
more than active feeders who are sometimes able to use complex behaviors to select between
particles. With zooplankton filtering an hourly volume of sea water for prey particles 10° times
their own body volume, the potential for plastic ingestion is high (Jonsson & Tiselius, 1990).
Because there are many different types of microplastic particles in the ocean, it is possible that
marine organisms can misidentify these microplastics as their natural (Moore, 2008).
1.5.3. Fecundity

Marine copepods are the most numerous metazoan groups in the ocean (Reid &
Williamson, 2010), supporting a large portion of secondary consumers, thus understanding effects
on fecundity is important. During a two-generation exposure of 7igriopus japonicus to
microplastics (0.23 mg L™), the number of nauplii per clutch and total fecundity for both
generations significantly decreased (Zhang et al., 2019a). After a recovery period of one generation
with no microplastics, the affected traits recovered indicating that microplastics do not display a
transgenerational effect at the phenotypic level (Zhang et al., 2019a). However, if microplastics
are found ubiquitously in the ocean, copepods may not have the opportunity to recover from plastic
exposure. Prolonged exposure to 20 um polystyrene beads (75 beads mL™) resulted in Calanus

helgolandicus producing smaller eggs with reduced hatching success (Cole et al., 2015). In
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contrast, there was no significant effect of ‘virgin’ irregularly shaped polyethylene particles on
Acartia tonsa egg production or egg hatching after a 48-hour exposure period, but the authors
propose a more chronic exposure may reveal higher mortality (Bellas & Gil, 2020). Conversely,
exposures of both microplastic particles and chlorpyrifos (0.1 ug L™), a broad-spectrum
organophosphorus insecticide, egg production decreased 70% (Bellas & Gil, 2020). Due to its
common use in both domestic and agricultural pest control, the presence of this insecticide is
extensive and has been found sorbed to littoral plastic debris (Ledn et al., 2018). This highlights
the importance to study the combined effects of microplastics with other marine chemicals, as they
are sometimes found in high concentrations together.
1.5.4. Growth and Survival

There are numerous studies investigating the effects of microplastic exposure on growth or
survival of marine invertebrates, such as the onyx slippersnail (Crepidula onyx) (Lo & Chan, 2018)
and Daphnia magna (Canniff & Hoang, 2018). However, studies including copepods are not as
common. In order to grow and proliferate, maintain homeostasis, and create necessary lipid
reserves, marine copepod Calanus helgolandicus required harnessed energy from their food
sources (Cole et al., 2015). Impeded feeding mechanisms from the ingestion of microplastics can
cause energy shortages and starvation, potentially stunting growth, and/or resulting in mortality in
copepods. Juvenile copepods of the species Calanus fimmarchicus showed early molting when
exposed to microplastics (Cole et al., 2019). It is thought that the reduced feeding, stymied lipid
accumulation, or endocrine disruption caused by toxic compounds leaching from the particles may

have contributed to the early molting (Cole et al., 2019).
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After a two-generation exposure, microplastics significantly affected the copepod
Tigriopus japonicus proteome, which translated to decreased survival and compromised
reproduction (Zhang et al., 2019a). These impacts may have been caused by the high metabolic
cost and reduced cellular energy stores from the consumption of environmentally relevant
microplastic concentrations (Zhang et al., 2019a). In finding negative effects of microplastics in
only a two-generation exposure, copepod species that have been living amongst microplastics for
a long time may be seriously affected. Alternatively, marine zooplankton may have adapted to
living in oceanic microplastic conditions. If not adapted, zooplankton growth and survival could
be impacted, leading to population declines. Energy deficits from reduced algae intake and
prolonged microplastic exposures experienced by early larval stages could have a detrimental
effect on the growth and continued development to adulthood. In studying survival, adult Calanus
helgolandicus copepods died during the exposure to 7-um polystyrene microbeads, and their
bodies were coated in microplastics (Cole et al., 2013). This finding could be attributed to the static
or hydrophobic attractions between the experimental polystyrene beads, and the carbon rich
carcasses (Cole et al., 2013). Some marine life can consume copepod carcasses, which could pose
aproblem if they are also ingesting large amounts of microplastics that may be adhered to carcasses
(Greve, 1977).

1.5.5. Fecal Pellets

Zooplankton fecal pellets and their role in the ocean’s biological pump has only recently
been recognized as an important driver for carbon cycling. In the pelagic ocean, fecal pellets, an
example of particulate organic matter (POM), transport photosynthetically produced fixed carbon

to benthic sediment (Wieczorek et al., 2019). Organisms such as baleen and sperm whales (Roman
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et al., 2014), salps, a type of gelatinous zooplankton (Wieczorek et al., 2019), and copepods
(Archibald et al., 2019; Cavan et al., 2019; see review Steinberg & Landry, 2017) have been
studied to determine their role in driving the biological pump. Carbon removal from the
atmosphere and sequestering to the sea floor is important because of the pace of global change and
increasing atmospheric CO.. Understanding this, it is vital to recognize the detriments
microplastics have to this system, as they have been found to change fecal pellet characteristics
and sinking rates. These changes could potentially affect the rate of carbon sequestering from the
ocean’s surface, as well as affect nutrient cycling to benthic organisms that depend on sinking
POM (Cole et al., 2016).

There is a wide size range of plastic particles ingested and encapsulated in copepod fecal
pellets. Tigriopus japonicas consumed and egested high concentrations of nano-sized particles
(0.05 ym and 0.5 um), displaying a preference towards the plastic beads over phytoplankton
particles (Lee et al., 2013). The presence of 20-um nylon fragments in Calanus helgolandicus fecal
pellets altered their sinking rate but was dependent on fecal pellet volume and type of plastic
ingested (Coppock et al., 2019). Fecal pellets containing low density polyethylene particles (10-
20 um) sank significantly slower than controls, where pellets containing high density polyethylene
terephthalate particles sank significantly faster (Coppock et al., 2019). These results are similar to
a study by Cole et al. (2016), where polystyrene microplastics encased in fecal pellets reduced
fecal density and sinking velocity. Fecal pellets containing polystyrene microplastics had a lower
average density of 1.13 +/- 0.01 g cm™, and lower sinking velocities of 38.3 +/- 2.6 m day™
compared to the control; 1.26 +/- 0.01 g cm™ density, and a sinking rate of 86.4 +/- 4.0 m day™

(Cole et al., 2016). There was no significant difference in the size of the fecal pellets, however
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fecal pellets containing microplastics became fragmented during the experiment (Cole et al.,
2016). Fragmentation of fecal pellets may result in the release of microplastics back into the
euphotic zone where zooplankton are abundant; this can allow for the re-uptake of microplastics
and incorporation in more fecal pellets, thus further studies are required to understand these
detriments to the biological pump.
1.6. Microplastics in the Marine Food Web

With microplastics polluting 88% of pelagic surface waters (Cozar et al., 2014), these
particles are highly bioavailable to marine organisms, either through direct ingestion as discussed
previously, or indirectly by trophic transfer through the consumption of contaminated prey (Nelms
et al., 2018). Contamination of marine food webs by microplastics are facilitated by the location
of oceanic zooplankton, bioavailability of plastic particles, microplastic polymer characteristics,
and the feeding strategies and mechanisms of marine biota (Setdld et al., 2018). The trophic transfer
of plastic particles is an issue of concern, but the capacity for microplastics to absorb pollutants
from surrounding waters, as well as leach chemicals, is also a serious threat that can be
biomagnified in a food web (Sharma & Chatterjee, 2017). Even for a short time, if plastics are
retained inside an organism or if harmful chemicals are leaking from the particles, bioaccumulation
can take place if microplastics are ingested (Setéld et al., 2018). Concerns about the transfer of
microplastics between trophic levels have resulted in laboratory studies being carried out to
demonstrate the impacts of microplastics on marine biota (Auta et al., 2017); however, the full
extent of plastic bioaccumulation in marine biota remains to be known.

As previously stated, it has been well established that microplastics have been ingested at

the base of the food chain in a large variety of planktonic organisms such as zooplankton (reviewed
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by Botterell et al., 2019; Cole et al., 2011, 2013, 2016, 2019), larval fish (Foley et al., 2018), salps
(Moore et al., 2001), and amphipod crustaceans (Cau et al., 2019; Iannilli et al., 2018; Jamieson et
al., 2019; Ugolini et al., 2013). Many lower trophic organisms like zooplankton filter feed,
explaining how these particles can enter the food chain at this level. Microplastics have been found
to inhibit growth, chlorophyll production, and photosynthesis of microalgae (Prata et al., 2019),
which can decrease energy available for primary consumers. Conversely, aged microplastic
particles have been found to procure a biofilm, which increased zooplankton consumption (Lobelle
& Cunliffe, 2011; Vroom et al., 2017). This increases the likelihood of microplastic consumption,
and decreases growth of natural prey, leading to a rise in the amount of microplastics at the lowest
trophic level.

Microplastics have also been discovered at higher trophic level organisms such as oysters
(Ostrea edulis) (Green, 2016), green sea turtles (Chelonia mydas) (Bugoni et al., 2001), seabirds
(Tourinho et al., 2010), and fish such as Japanese medaka (Oryzais latipes) (Rochman et al., 2014)
and the Whitemouth Croaker (Micropogonias furnieri) (Arias et al., 2019). There is some
speculation as to how these microplastics were ingested by higher trophic organisms; larger marine
organisms may not filter feed, so they must consume organisms contaminated with microplastics
and/or mistake plastic particles as prey. After consumption, plastics can persist inside an organism
for an extended period, making consumption vectors sometimes difficult to ascertain. In the blue
mussel, Mytilus edilis, plastic particles were translocated from the gut to the circulatory system,
where they persisted for over 48 days (Browne et al., 2008). This long retention period increases
the likelihood of consumption of these contaminated organisms by predators, heightening

biomagnification in oceanic food webs.
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Studying trophic transfer of microplastics to higher trophic levels has been difficult due to
ethical constraints of subjecting vertebrate animals to laboratory experimentation (Nelms et al.,
2018). It 1s still important to study trophic accumulation of microplastics, so studies have found
ways to evade harm to animals, for example, studying scat. Microplastics were transferred by
consumption of wild caught Atlantic mackerel (Scomber scombrus) to grey seals (Halichoerus
grypus), and the presence of microplastic particles in seal scats was attributed to the occurrence of
trophic transfer from prey to a marine top predator (Nelms et al., 2018). Approximately half of the
scat samples contained 1-4 microplastic particles with an average size of 1.5 mm, with ethylene
propylene being the most frequent plastic polymer (Nelms et al., 2018). Whether the particles were
directly consumed by the fish or underwent trophic transfer from ingestion of contaminated
zooplankton is not known in this study; however, either scenario proves transfer of plastics
between trophic levels.

Trophic transfer has also been studied in marine invertebrates and vertebrates. An artificial
food chain was established starting with Artemia sp. (brine shrimp) nauplii to study the transfer of
microplastic particles and persistent organic pollutants (POPs) to zebrafish (Danio rerio) (Batel et
al., 2016). Microplastic particles (1-20 um) accumulated inside Artemia sp. nauplii and were
transferred to the zebrafish via consumption, and fluorescent tracking of benzo[a]pyrene indicated
that POPs associated with microplastics may desorb into the zebrafish intestines (Batel et al.,
2016). Similarly, blue muscles (Mytilus edulis) were exposed to .5-um fluorescent polystyrene
microplastics and fed to green shore crabs (Carcinus maenas) (Farrell & Nelson, 2013).
Microplastics were present in the hepatopancreas, ovaries, stomach, and gills of the crabs after

only one hour of contaminated blue muscle exposure and persisted in the crabs for almost 21 days

26



thereafter (Farrell & Nelson, 2013). Microplastics persisting inside an organism for an extended
period can increase the probability of biomagnification of plastics in the marine food web
(Magnusson et al., 2016). Microplastics were detected in the gut of wild-caught Norway lobster
(Nephrops norvegicus), as well as lobsters in a laboratory setting, after being fed fish contaminated
with plastics (Murray & Cowie, 2011). Eighty three percent of the wild-caught lobsters had plastic
in their stomachs, and after 24 hours, 100% of the animals fed plastic-seeded fish contained plastics
in their stomachs (Murray & Cowie, 2011). Some of the filaments were unable to pass through the
lobster’s gastric mill system (stomach) and were identified as being plastic polymers used in the
fishing industry as ropes or nets (Murray & Cowie, 2011). The authors believe that the likely route
for plastic ingested by the lobsters is via accidental ingestion of benthic microplastics during
feeding or by consuming contaminated prey (Murray & Cowie, 2011).
1.7. Zooplankton and the Ocean Carbon Cycle

Within the complex network of the pelagic food web, zooplankton are one of the critical
links between atmospheric carbon dioxide (CO:2) and the ocean euphotic zone through the transport
of carbon into deeper waters (Steinberg & Landry, 2017). The coastal carbon cycle is also an
important sink and transport vector for organic and inorganic carbon and has been affected by
anthropogenic activities (Bauer et al., 2013); this cycle can be impacted by estuarine copepods
such as Acartia tonsa. At the surface of the ocean, phytoplankton convert dissolved inorganic
carbon (DIC) into particulate organic carbon (POC) via photosynthesis (Cavan et al., 2019), which
is then consumed by herbivorous zooplankton (Duckloe et al., 2001). Particulate organic matter
(POM) is then exported away from the surface layer into the ocean’s interior by a combination of

sinking algae or fecal particles produced by zooplankton and/or vertical mixing of dissolved
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organic matter by upwelling or upward migration of marine organisms (Hansell, 2002; Roman et
al., 2014; Turner, 2015). Coupling these processes together creates what is known as the biological
pump, which is responsible for long-term sequestration of what was once atmospheric carbon
(Passow & Carlson, 2012). This biological process modulates fluxes of earth’s climate, and it is
unclear how anthropogenically driven climate change, including warming, acidification, and
deoxygenation of ocean waters, will affect the efficiency of the biological pump (Honjo et al.,
2014). The biological pump occurs over a wide range of spatial and temporal scales; there are
numerous biological, chemical, and physical processes involved, forming a complex system,
influencing the earth on a global scale (Honjo et al., 2014).

The ocean contains about 40,000 billion tons of carbon, about 50 times the size of the
atmospheric reservoir, which is fed considerably by Anthropogenic carbon (Bopp et al., 2020).
Oceanic CO: trends for 1981-2007 were modeled, and it was estimated that climate change and
temperature variability reduced oceanic CO: uptake by 12%; this reduction is caused by global
change, specifically in wind patterns and ocean warming (Le Quéré et al., 2010). With ocean
surface temperatures increasing an average rate of .13°C per decade (Laffoley & Baxter, 2016)
and high-wind hurricane events occurring more frequently (Knutson et al., 2019), this figure could
have underestimated the reduction in CO: oceanic uptake. More recently, models were created to
simulate climate change and its effects on factors such as surface (algal community structure) and
subsurface (shift in zooplankton community structure) features; it was found that the downward
POC flux was halved, potentially significantly reducing oceanic carbon sequestration (Boyd,
2015). These models did not take into the account the effects of oceanic pollutants such as

microplastics, and how these particles affect zooplankton productivity and efficiency.
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Microplastics and their effects on the zooplankton community may highly impact the efficiency
of the biological pump, where efficiency is noted by Ducklow et al. (2001) as the total carbon
transported from the ocean’s surface divided by dissolved carbon captured through photosynthesis.

Marine organisms that contribute to the success of the biological pump come in all shapes
and sizes and are across many taxa. Large whales can transport nutrients to surface waters by
vertical mixing and releasing fecal plumes (Roman et al., 2014; Roman & McCarthy, 2010), and
although small, zooplankton perform the same ecosystem services (Paffenhofer et al., 2001;
Steinberg & Landry, 2017; Turner, 2015). Zooplankton heavily contribute to the efficiency of the
biological pump through grazing on carbon rich particles, breaking up large marine aggregations,
active transfer of POC via diel vertical migration (DVM), and fecal egestion (Cavan et al., 2017,
Hansen & Visser, 2016). After modeling carbon transport in the North Atlantic Ocean where
spring blooms are prominent, it was found that 27% of the total export flux is transported by
migrating zooplankton (Hansen & Visser, 2016). When zooplankton graze on surface
phytoplankton and metabolize a portion of this biomass deeper in the ocean after DVM, this
migration can release CO: deep in the water column, speeding up the biological pump (Longhurst
et al., 1990). Zooplankton fecal pellets are also an important driver in the biological pump. The
composition, size, density, and sinking rate of fecal pellets are affected by diet and can differ in
sinking abilities, thus rates of carbon storage (Steinberg & Landry, 2017; Turner, 2002). Fecal
pellets are estimated to contribute approximately 40% of total POC, which is a substantial portion
of total oceanic carbon flux (Turner, 2015). These findings support that the migration of
zooplankton and their effects on carbon transport is substantial and should be incorporated into

total biological transport of carbon in the biological pump.
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1.8. Conclusion

There has been an increasing interest and concern of microplastics in oceanic ecosystems
and their complex interactions with marine biota. With the current demand of plastic products,
production trends, and ‘single use’ plastic polymers, oceanic plastic debris is projected to increase.
Over the past two decades, studies have produced a wide plethora of microplastics research,
expanding on the foundational understanding that microplastics are a ubiquitous marine
contaminant. However, there is a continuously expanding list of questions that remain to be
answered. Establishing accurate oceanic microplastic concentrations, especially particles smaller
than the most commonly assayed particle size of 335 um, is critical to understanding true
bioavailability of microplastic particles to zooplankton species. This information would be helpful
in determining nauplii rate of interaction with plastic particles, which could be very detrimental to
larval development. Zooplankton have been found to ingest a diverse range of microplastic sizes
and polymers, bringing microplastics into the marine food web, thus making the pervasiveness and
effects of these particles vast. Upon entering a food web, biomagnification is a serious threat to
the health of marine organisms that could consume contaminated prey. Larger organisms at the
top of a marine food web that consume contaminated prey such as fish, can pose a serious health
risk to the human population.

The efficiency of the biological pump and carbon sequestration is essential in controlling
anthropogenically produced CO:, without this system, there would be 50% more carbon stored in
the atmospheric reservoir. Understanding how the biological pump may change in response to
anthropogenically produced pollution is important in understanding the productivity of the global

carbon cycle. As previously discussed, zooplankton fecal pellets have been significantly affected
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by the presence and ingestion of microplastics. Many laboratory studies looked at the effects of
microplastics on fecal shape, sinking rates, and density of various zooplankton, which play a
critical role in the biological pump. This information is extremely important in estimating carbon
removal rates by oceanic processes, however questions regarding fecal sinking rates remain
unanswered. Further lab studies are needed to better understand the effects of microplastics on
fecal sinking rates, and how these compare to fecal pellets devoid of plastic particles. There could
potentially be a large difference between sinking rates of fecal pellets full of microplastics, and

how much less carbon will be sequestered because of this.
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CHAPTER 2: CONSUMPTION OF MICROPLASTICS IMPACTS THE GROWTH
AND FECAL PROPERTIES OF THE MARINE COPEPOD, ACARTIA TONSA
2.1. Introduction

Human activity has put immense stress on global marine ecosystems, with plastic debris
as the source for many environmental problems. Since the start of industrial production, an
estimated 8 million metric tons of plastic, including 236,000 metric tons of microplastics, make
their way to the oceans annually (Jambeck et al., 2015). Plastic constitutes 80 to 85% of marine
debris found floating at the surface or embedded in benthic sediment (Auta et al., 2017; Chiba et
al., 2018; Jamieson et al., 2019; Law & Thompson, 2014), and of this, less than 5% has been
recovered and processed (Sutherland et al., 2010). While large macroplastics (>5 mm) such as
packaging materials, grocery bags, and straws (Andrady, 2011; Besseling et al., 2015; Cressey,
2016) can affect large marine biota such as birds (Fry et al., 1987; Provencher et al., 2014; Rios et
al., 2007), whales (De Stephanis et al., 2013; Jacobsen et al., 2010; Unger et al., 2016), and
economically important fish species (Miranda et al., 2016; Rochman et al., 2015), the impacts of
microplastics have only recently begun to be understood, in part due to the challenges of knowing
environmental concentrations. Microplastics (<5 mm), however, also add to oceanic debris but are
difficult to see, such that standard quantification techniques of plastic debris seriously
underestimate the amount of plastics in the ocean (Barnes et al., 2009; Jambeck et al., 2015).

Microplastics are produced from a variety of polymers, some chosen for their buoyancy
properties, others for durability (Cole et al., 2011). Included are low-density plastics that float in
water such as polyethylene and polystyrene (Auta et al., 2017; SEA, 2012), with polyethylene

highly concentrated in sea surface samples (Choy et al., 2019; Erni-Cassola et al., 2019). Primary
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microplastics are industrially produced for facial cleansers (FDA, 2015; Fendall & Sewell, 2009),
tooth polish, medications (DG Environment Report, 2017), and industrial cleaning abrasives
(Verschoor et al., 2016). Secondary microplastics fragment from larger marine debris such as
plastic bags, fishing nets, and bottles (Andrady, 2017; Cressey, 2016). Multiple components affect
the fragmentation of larger plastics into microplastics; these include both time as well as the
combination of weathering, UV degradation, and abrasion (Barnes et al., 2009; Browne et al.,
2007; Hidalgo-Ruz et al., 2012; Thompson et al., 2004). These factors increase the abundance of
marine litter throughout the water column, effectively increasing their availability and/or
encounter rate, to marine organisms (Law & Thompson, 2014). Oceanic transport of these particles
include Ekman currents (Kubota, 1994; Kubota et al., 2005; Martinez et al., 2009; Onink et al.,
2019) stokes drift (Fraser et al., 2018; Onink et al., 2019), seasonal freezing/thawing of drifting
Artic Sea ice (Bergmann et al., 2019; Geilfus et al., 2019; Lusher et al., 2015; Peeken et al., 2018)
and windy/storm weather conditions (Lattin et al., 2004). The combination of constant
fragmentation and circulation of microplastics can increase organismal exposure to these particles.
Some plastic polymers are extremely durable, projecting that most polymers produced today will
persist for at least decades, centuries, and possibly millennia (Hopewell et al., 2009), increasing
encounter rates even more.

Due to their small size and pervasive nature, microplastics have been ingested by marine
organisms such as brown shrimp (Devriese et al., 2015), barnacles (Goldstein & Goodwin, 2013),
corals (Hall et al., 2015), oysters (Green, 2016), and zooplankton (reviewed by Botterell et al.,
2019; Cole et al., 2011, 2013, 2016, 2019; Coppock et al., 2019; Zhang et al., 2019a), yet there are

many organisms where the effects of microplastics have not been identified (Nelms et al., 2018).
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Occupying a large section of oceanic species diversity (Pomerleau et al., 2015; Reid & Williamson,
2010), zooplankton are distributed ubiquitously in the world’s oceans, inhabiting surface waters
to the benthic zone (McManus, 2012).

To understand the effects of microplastic consumption on zooplankton, I used then
common coastal/estuarine calanoid copepod Acartia tonsa, which have short generation times, and
can thrive in laboratory conditions. Small marine organisms such as 4. tonsa will consume
microplastics by either false identification of food, or co-ingestion with algae via a non-selective
feeding mechanism (Kierboe, 2011). Through these feeding mechanisms, the consumption of
microplastics has caused starvation, low fecundity, and impeded growth (Cole et al., 2013, 2019;
Ottvall & Carlsson, 2016). Microplastics and zooplankton are constantly found in equal amounts
in surface trawls where feeding occurs, strongly suggesting that microplastics are in such high
densities in the upper water column that they are readily available for zooplankton to ingest
(Thompson et al., 2004).

Marine zooplankton provide the critical link between primary producers and secondary
consumers in the oceanic food web (Cole et al., 2019). Zooplankton consume carbon that was
fixed by planktonic phototrophs (Longhurst & Harrison, 1989), which is then transferred to
planktivores (Setéld et al., 2018). Consumption of microplastics, however, reduces algae ingestion
by zooplankton (Cole et al., 2019; Coppock et al., 2019) and can cause energy shortages, affecting
zooplankton early life stage development. Specifically, consumption of microplastics can affect
early life stage copepod (nauplii) development (Jeong et al., 2017) and survival (Lee et al., 2013),

but body size, as a proxy for development, has not been studied.
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Copepod fecal material substantially contributes to the storage of atmospheric carbon
dioxide to the deep ocean via the biological pump (Longhurst & Harrison, 1989); a process by
which dissolved inorganic carbon is transformed into organic biomass via photosynthesis, then
transported to the ocean interior for eventual storage (Cavan et al., 2019; Duckloe et al., 2001;
Hansell, 2002; Turner, 2015). The biological pump is vital to slowing down the rate of climate
change; it absorbs and removes CO: from the atmosphere, absorbing about 30% of anthropogenic
carbon emissions in the past decade (Bopp et al., 2020). Fecal pellets sink slower when
contaminated with microplastics (Cole et al., 2016; Wieczorek et al., 2019), potentially slowing
carbon transport. However, modeling the combination smaller fecal pellets and slower sinking
rates and their effects on carbon storage rates has yet to be done. Here, I test the hypothesis that
the consumption of polystyrene microplastic (5 um) particles affect the growth of the copepod A.
tonsa during the nauplii stage through reduced body size. Additionally, I test the hypothesis that
contaminated fecal pellets are smaller in size and sink slower, thus lengthening the time it takes
for fecal pellets to settle, thus affecting carbon storage. I extend our results to a theoretical
experiment where [ modeled the effects of microplastics to the biological pump.

2.2. Materials and Methods
2.2.1. Copepod Sampling

Zooplankton were sampled from Cedar Beach, Long Island (40°57'51.6" N 73°02'33.4"
W) and Peirce Island, New Hampshire (43°4°30.99°° N, 70°44°58.03” W) in the months of June
and July 2018, respectively. Individuals were collected with a horizontally submerged 200-um
mesh plankton net. The samples were then transferred to 5-L buckets inside a cooler which was

insulated in ice and transported to the University of Vermont (UVM) within the same day. Upon
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arrival, adult Acartia tonsa were manually sorted with a 3-mL transfer pipette from the rest of the
zooplankton species under a Leica M80 inverted light microscope. After sorting, A. tonsa were
transferred to a 3-L container of aerated 30 ppt sea water (ASW) made with Instant Ocean (Instant
Ocean Spectrum Brands 3001 Commerce St. Blacksburg, VA 24060-6671) salt. Individuals were
stored in a temperature-controlled laboratory for a minimum of three generations, in a 12:12 light
dark cycle, at 18°C.
2.2.2. Algal Cultures

Three algal species were selected for experimental use; they are natural prey for A. tonsa
and have a similar size to the microplastic particles used in this study. Chain-forming diatom
Thalassiosira weissflogii (2-32 um), red microalgae Rhodomonas lens (max 12 um), and
chlorophyte Tetraselmis sp. (5-14 um) were used. All algal species were cultured at UVM using
F/2 media (Kent Marine, Pro-Culture), with additional silicates (sodium metasilicate nonahydrate,
30 g L™ in reverse osmosis water) for 7. weissflogii under a 10:14 light cycle at ambient
temperature. For experiments, algal cells were counted on a Sedgewick Rafter cell slide using a
Nikon SMZ-800 dissecting scope for particle concentrations, and 167 ug C L™ of each species
was combined to add 501 ug C L™ to each experimental replicate. Microplastic particle
concentrations were calculated to equal a 1:1 ratio of microplastics to the number of algae particles.
This resulted in double the particle density in the treatment, but the same density of algae particles
in both the control and the treatment replicates.
2.2.3. Microplastics

SPHERO red polystyrene particles were purchased from Spherotech Inc, in the size range

of 6.0-8.0 um with a mean particle size of 6.69 um. This particle range encompasses all three algal
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species size ranges. Before using, particles were resuspended by vortexing and vigorous shaking.
The particle suspension matrix also included 0.02% sodium azide. To ensure that the suspension
matrix alone did not affect survival of A. tonsa, 1 measured survival with and without the
microplastic suspension mixture and found that survival was unaffected after multiple trials.
2.2.4. Fecundity Analysis

Treatments comprised of a control (strictly algal exposure), and a 1:1 ratio of algal particles
to microplastic particles. One hundred thirty-six copepodite A. fonsa (juvenile stage CV) were
sorted and incubated in 1-L Tupperware beakers filled with 600 mL of ASW (4 beakers per
treatment, 17 individuals in each). Exposures to microplastics occurred for 7 days at 18°C in a
12:12 light/dark cycle, when the copepodites reached adulthood. Water changes were done every
72 hours where 50% of media was removed by pouring beaker contents over a 30-um mesh to
retain copepodites. Afterwards, fresh ASW, 501 ug C L™ of algae, and corresponding microplastic
particle concentrations were added to the treatment replicates. I acknowledge in that only removing
50% of media per water change, microplastic and algae particle densities may have slightly
increased over time, however this increase occurred in all replicates, and the 1:1 ratio of algae and
microplastic particles was conserved. Post exposure, adults were carefully poured over a 30-um
sieve, assayed for survival, and sexed under a Leica M80 inverted light microscope. A single adult
breeding pair was placed in a petri dish with 25 mL of ASW, conserving treatments and replicates.
Five hundred one ug C L™ of combined algae was added to all petri dishes, and corresponding
microplastic particles were added to petri dishes containing adults that were exposed to
microplastics as copepodites. Petri dishes were incubated at 18°C in a 12:12 light/dark cycle for

48 hours to allow adults to lay eggs. Post exposure, contents of the petri dishes were anaesthetized
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and stained using Lugol’s lodine, then imaged, counted, and measured using Lecia SPOT
Measuring Software under an Olympus iX71 inverted light microscope.
2.2.5. Body Size Analysis

Treatments comprised a control (strictly algal exposure), and a 1:1 ratio of algal particles
to microplastic particles. Forty 4. tonsa nauplii were introduced to each Tupperware beaker (3
beakers per treatment) containing 400 mL of ASW. Exposures to microplastics occurred for 5 days
at SST in a 12:12 light/dark cycle. Fifty percent water changes were done every 48 hours by reverse
syphoning beaker media through a 30-um sieve. Afterwards, fresh ASW, 501 ug C L™ of algae,
and corresponding microplastic particle concentrations were added to the treatment replicates. Post
exposure, the contents of each beaker were poured over a 30-um sieve to collect nauplii, which
were then carefully sprayed down into petri dishes and assayed for survival. Contents of the petri
dishes were anaesthetized and stained using Lugol’s lodine. Five nauplii from each replicate (15
control and 15 plastics) were imaged and measured using Lecia SPOT Measuring Software under
an Olympus 1X71 inverted light microscope.
2.2.6. Fecal Analysis

As per the previous experimental setups, treatments comprised of a control (strictly algal
exposure), and a 1:1 ratio of algal particles to microplastic particles. Two hundred A. fonsa eggs
were introduced to each 1-L Tupperware beaker (4 beakers per treatment) containing 600 mL of
ASW. Fifty percent water changes were done every 72 hours by reverse syphoning beaker contents
through a 30-um sieve. Afterwards, fresh ASW, 501 ug C L™ of algae, and corresponding
microplastic particle concentrations were added to the treatment replicates. Copepods were

incubated until the final molt to the adult stage (20 days) at SST in a 12:12 light/dark cycle. Adults

38



were placed in groups of 2 or 3 in petri dishes, 1:1 ratio of algae and microplastic particles were
added per 25 mL of ASW and let alone for 48 hours. Post exposure, all fecal pellets in each petri
dish were counted, imaged, and measured using Lecia SPOT Measuring Software under an
Olympus i1X71 inverted light microscope. Fecal volume was calculated using the equation for
volume of a cylinder, V = & 1* h, where the radius was half the width. To estimate the reduction in
sinking rates of A. tonsa fecal pellets contaminated with microplastics compared to pellets strictly
containing natural algae, I used a modified Stokes equation (Komar et al., 1981) for sinking

cylinders at low Reynolds numbers
= 00790~ (p; — p)gLR(=)-1s64
ws = 007907 (ps = PIIL*(5)

where u is the viscosity of 30 ppt sea water at 18°C (gcm™ s™'), ps is fecal pellet density (g cm™),
p 1s the density of 30 ppt sea water at 18°C (g cm™), g is the acceleration due to gravity (981 cm
s7%), and L is the length and D is the diameter of fecal pellets (cm) from my experiments. I used
the pellet density as reported by Cole et al. (2016) (control: 1.26 +/- .01 g cm™, plastic: 1.13 +/-
.01 g cm™), who used the same plastic polymer as in this study, polystyrene, which has a density
of ~1.05 g cm™ (Cole et al., 2016). I acknowledge that Cole et al. (2016) used a different species
(Calanus helgolandicus) than my study organism (Acartia tonsa), however both species are coastal
calanoid copepods (Prog, 1983; Bonnet, 2005).
2.2.7. Statistical Analysis

All data analysis was conducted using R version 3.6.3. To analyze fecal, fecundity, and
body size data, the /me function from R package n/me was utilized to perform a linear mixed-

effects analysis to compare the relationship between the two treatments, modeling replicate as a
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random effect. P-values were obtained by running a Type I Wald Chi Square test. Using function
glmer from the R package Ime4, a generalized linear mixed-effects model was used for survival
analysis. Utilizing a binomial distribution, survival was entered as either ‘alive’ (1) or ‘dead’ (0),
with replicate modeled as a random effect. Significant differences were confirmed where P < 0.05.
2.3. Results

2.3.1. Microplastic Uptake

Both nauplii and adult marine copepod A. tonsa ingested polystyrene microplastics.
Microplastics were observed in adult intestinal tracts and egested fecal pellets, confirming
consumption and successful egestion of the polystyrene beads (Figure 1A-C), which is consistent
with the findings of previous studies (Cole et al., 2013; Cole et al., 2016; Coppock et al., 2019;
Lee et al., 2013). Microplastics were also ingested by nauplii (Figure 1D) and adhered to adult 4.

tonsa swimming legs (Figure 1E).
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Figure 1: (A) Fecal pellet laden with 5-pum polystyrene microplastics inside the hindgut of copepod
Acartia tonsa; (B) Fecal pellet containing microplastics egested by adult 4. fonsa; (C) fragmented
microplastic fecal pellet egested by adult copepod. (D) A. tonsa nauplii with microplastic bead in
its hindgut; (E) microplastic trapped in hind swimmers of adult. All microplastic concentrations
were a 1:1 ratio of algae to 5-um microplastic particles.
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2.3.2. Fecundity

After rearing copepodites (juvenile A. tonsa) to the adult stage in the presence of
polystyrene microbeads, eggs produced by adults had a 7.3% reduction in diameter (control: 79.07
+/- 3.27 um; plastic: 73.32 +/- 6.32 um; Figure 2A; Linear mixed-effects model, df = (4, 80), y* =
30.03, t-value =-5.48, P <0.001). No effect on copepodite survival to the adult stage was observed
(Figure 2B; Generalized linear model, df = 100, z = -0.50, P = 0.28). In addition, the presence of
microplastics did not affect total fecundity in the measured 48-hour period (Figure 2C; Linear

mixed-effects model, df = (4, 12), ¥* = 1.30, t-value = -1.14, P = 0.32).
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Figure 2: The impacts of microplastics on reproduction characteristics of Acartia tonsa adults. (A)
Egg diameters produced by adults in 48 hours (Linear-mixed effects model, df = (4, 80), > =30.03,
t-value =-5.48, P <0.001); (B) percent survival (Generalized linear model, df = 100, z = -0.50, P
= 0.28); (C) total reproductive output after 48 hours (Linear mixed-effects model, df = (4, 12), *
=1.30, t-value = -1.14, P = 0.32) after rearing copepodites (juvenile A. tonsa) to the adult stage in
the presence of polystyrene microbeads. Treatments: control (grey) and plastic (white); asterisks
indicate statistical significance (*P < 0.05; ** P <0.01; *** P <0.001).

2.3.3. Nauplii
After a 5-day exposure period, in the presence of microplastics, 4. fonsa nauplii had a

12.2% decrease in body length compared to the control (control: 151.28 +/- 15.20 pum; plastic:
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172.28 +/- 29.32 um; Figure 3A; Linear mixed-effects model, df = (4, 24), x> = 4.98, t-value = -
2.23, P < 0.05), while no effect on body width in individuals exposed to microplastics was
observed (76.19 +/- 8.32 um) compared to the control (82.12 +/- 15.29 um); (Figure 3B; Linear
mixed-effects model, df = (4, 24), ¥* = 1.03, t-value = -1.01, P = 0.31). In contrast, an effect of
microplastics exposure on survival was detected (Figure 3C; Generalized linear model, df = 239,

z=-2.75,P<0.01).
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Figure 3: The impact of microplastics on the body size of Acartia tonsa nauplii. (A) Nauplii 4.
tonsa body length (Linear mixed-effects model, df = (4, 24), y*> = 4.98, t-value = -2.23, P < 0.05);
(B) width (Linear mixed-effects model, df = (4, 24), y* = 1.03, t-value = -1.01, P = 0.31); (C)
percent survival (Generalized linear model, df = 239, z=-2.75, P < 0.01) after a 5-day exposure
to polystyrene microbeads. Treatments: control (grey) and plastic (white); asterisks indicate
statistical significance (*P < 0.05; ** P <0.01; *** P <0.001).

2.3.4. Egested Fecal Pellets

Incorporation of 5-um polystyrene microplastics resulted in a 26.8% decrease in fecal
length (control: 158.19 +/- 38.04 um; plastic: 115.74 +/- 36.02 um; Figure 4A; Linear mixed-
effects model, df = (5, 353), > =10.72, t-value =-3.27, P <0.001), and a 24.7% reduction in width

(control: 42.62 +/- 8.24 um; plastic: 32.10 +/- 7.48 um; Figure 4B: Linear mixed-effects model,
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df = (5, 353), ¥* = 9.92, t-value = -3.15, P < 0.01) of fecal pellets egested by adults that had
developed in the presence of microplastics since the egg stage. In the absence of microplastics,
adult fecal pellets had an average volume of 247948.8 +/- 133123.7 um?. Fecal pellets containing
microplastics had volumes reduced by 56.4% averaging 108071.7 +/- 77937.5 um? (Figure 4C,
Linear mixed-effects model, df = (5, 353), y* = 12.50, t-value = -3.54, P < 0.001). Although not
quantified, a noticeable amount of fragmented fecal pellet pieces that could have broken off during

the process of egestion was observed (Figure 1C).
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Figure 4: Impacts of microplastic consumption on egested fecal pellet length, width, and volume
produced by adult Acartia tonsa. (A) Fecal pellet length (Linear mixed-effects model, df = (5,
353), ¥* = 10.72, t-value = -3.27, P < 0.001), (B) fecal pellet width (Linear mixed-effects model,
df = (5, 353), ¥* = 9.92, t-value = -3.15, P < 0.01), (C) total fecal pellet volume (Linear mixed-
effects model, df = (5, 353), > = 12.50, t-value = -3.54, P <0.001). Treatments: control (grey) and
plastic (white); asterisks indicate statistical significance (*P < 0.05; ** P <0.01; *** P <0.001).
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2.3.5. Sinking Rates

After using the modified stokes equation, contaminated fecal pellets were calculated to
sink 3.73 times slower than pellets containing natural algae (control: 41.77 +/- 15.21 m day%;
plastic: 10.83 +/- 4.98 m day™*; Figure 5; Linear mixed-effects model, df = (5, 353), y* = 75.15, t-

value = -8.67, P <0.001).
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Figure 5: The effect of microplastic consumption on fecal pellet sinking rates of 4. fonsa (Linear
mixed-effects model, df = (5, 353), y*> = 75.15, t-value = -8.67, P < 0.001) Treatments: control
(grey) and plastic (white); asterisks indicate statistical significance (*P < 0.05; ** P <0.01; *** P
<0.001).

2.4. Discussion
My results suggest, for the first time, that microplastics can significantly affect the rate of
carbon storage due to shorter, smaller fecal pellets that sink slower. My data also demonstrate that
microplastic consumption can hinder the growth of A4.tonsa by a reduction in body length and
reduction in survival of nauplii copepods, highlighting that marine microplastics can affect
multiple life history stages. Polystyrene microplastics (5 um) were consumed by both nauplii and

adult stage copepods and were observed in both the anterior and posterior portions of their
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intestinal tracts (Figure 1A, Figure 1D). These particles were also found trapped in the external
appendages of live copepods (Figure 1E), as well as encapsulated in both fragmented and whole
fecal pellets (Figure 1B, Figure 1C). 4. tonsa adults that consumed microplastics produced eggs
with smaller diameters.

2.4.1. Fecundity

Consuming algae rich with carbon and nitrogen is essential for copepod growth and egg
production (Kuijper et al., 2004). After consumption, up to 85% of algae carbon biomass is used
for growth, specifically egg production, in adult females of 4. tonsa (Kierboe, 2008). Additionally,
55% of egg biomass comprises proteins, where nitrogen is essential for protein synthesis (Kiarboe
et al., 1985). Such composition highlights the importance of carbon and nitrogen consumption for
viable reproduction. The quality (i.e. C:N ratios) and quantity of algae biomass ingested and egg
production in marine copepods are directly related, which when disrupted, can cause decreased
fecundity and smaller eggs (Nobili et al., 2013).

A 7.3% reduction in the diameter of eggs produced as a result of consuming microplastics
could be attributed to less carbon biomass consumed because A. tonsa misidentified microplastics
for algae particles or random co-ingestion of microplastics and algae. Visually less biomaterial
was observed in contaminated fecal pellets egested by adult 4. fonsa, which supports the
hypothesis that the consumption of microplastics decreased carbon and nitrogen available for egg
production. Smaller eggs could result in stunted growth, high naupliar mortality before the
copepodite stage, or could permanently decrease the individual’s potential size at adulthood.

My results of smaller eggs as a result of microplastic consumption are comparable to

observed reductions in egg diameters of Calanus helgolandicus in the presence of microplastics

46



(Cole et al., 2015). However, microplastic exposure for C. helgolandicus started at the onset of the
adult stage (Cole et al., 2015), which differs from my study in that exposures started in early
copepodite stages - the stage when females begin egg production (Norrbin, 1994). The first traces
of female gonad oogenesis are during the first of six copepodite stages of Acartia sp. (Norrbin,
1994). Oocytes continue to grow in the developing copepodites to the adult stage (Mauchline,
1998) where the female’s gonads develop in the presence of microplastics. This could explain why
my study observed a more significant effect on egg diameter than Cole et al. (2015). To better
understand the relationship between egg size, nutrition, and microplastic consumption, I suggest
full life exposures to microplastics to assay body length and lipid content at each stage.

I found no difference in fecundity (total eggs produced), hatching rates, or survival in the
experimental time frame of 48 hours, which concurred with the results from Bellas & Gil (2020)
after a 48-hour exposure period to polyethylene microplastics to A. fonsa. Along with Bellas & Gil
(2020), I suggest that a more chronic exposure period of 4. fonsa adults to microplastics may reveal
significant effects on fecundity, hatching rates, and survival, which should be tested using the same
microplastic concentrations for future experiments.

2.4.2. Nauplii

As previously stated, microplastics and zooplankton are consistently found in equal
amounts in surface trawls where feeding occurs, suggesting that microplastics are readily available
for zooplankton to ingest (Thompson et al., 2004). Common microplastic quantification techniques
use surface collection nets too large to assay particles smaller than 335 um (Thompson et al.,
2004), missing microplastics in mid-water and benthic zones, thus underestimating true oceanic

microplastic concentrations (Andrady, 2011). Newly hatched 4. tonsa nauplii are approximately
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70 um in length (Marcus & Wilcox, 2007), falling in the size range of infrequently environmentally
assayed microplastics.

The true impacts of microplastic consumption on this vulnerable stage is unknown.
Consumption of microplastics affect copepod early life stage (naupliar) development through
delayed molting (Jeong et al., 2017) and reduced survival (Lee et al., 2013), which differs from
the findings reported here. As previously discussed, a reduction in development could be from less
carbon biomass consumed due to the consumption of microplastics instead of algae particles, or
the co-ingestion of microplastics and algae. Maximum algal particle clearance rates for nauplii
stages II-IV has been determined to be approximately 7 um, (Berggreen et al., 1988), suggesting
that nauplii actively select and consume microplastic particles 7 um and smaller. This heightens
the possibility that nauplii are consuming large numbers of small, under assayed microplastic
particles.

The molt from the final naupliar stage (N6) to the first copepodite stage (C1) is perhaps the
most significant in the life cycle of 4. tonsa (Leandro et al., 2006), as well as other zooplankton
species. After exposure to 0.5 um microbeads, the copepod Paracyclopina nana had delayed
molting from the naupliar to copepodite stage (Jeong et al., 2017). Reduced growth rates could
prolong the amount of time an induvial exists in the naupliar stage, heightening the possibility of
delayed or failed molting, or size-selective predation. Nauplii are subject to high predation rates
due to their weak ability to detect predators and underdeveloped swimming appendages, yielding
a prolonged escape response (Sell et al., 2001). This could lower the proportion of nauplii that
survive to the copepodite stage, and in turn reduce the number of reproducing adults, possibly

affecting population growth. Additionally, nauplii that have reduced survival and energetic

48



shortages (reduced lipid content) due to microplastic exposure may also impact higher trophic
organisms that prey on early stage zooplankton (Cole et al., 2015). This could cause an energy
imbalance at the start of the oceanic food chain, potentially cascading energy shortages into further
trophic levels.

2.4.3. Fecal Properties

To my knowledge, these results clearly demonstrate for the first time that microplastics
could significantly alter the rate of carbon storage by reducing fecal volume and fecal sinking rates.
These findings are similar to Cole et al. (2016), where fecal pellets egested by Calanus
helgolandicus had lower densities and slower sinking rates, however there was no difference in
fecal size or volume. This critical difference reveals that in the presence of microplastics, 4. fonsa
are consuming less biomass leading to smaller, slower sinking fecal pellets, which can have severe
implications on the efficiency of the biological pump, as well as increasing the reuptake of
contaminated fecal pellets in the oceanic food web.

Sinking zooplankton fecal pellets heavily contribute to the efficiency of the biological
pump, transporting carbon and particulate organic matter (POM) to the ocean’s interior and benthic
sediment (Cavan et al., 2017; Steinberg & Landry, 2017; Turner, 2002). Zooplankton fecal pellets
are estimated to contribute, on average, approximately 40% of total particulate organic carbon
(POC), thus substantially supporting total oceanic carbon flux (Turner, 2015). The biological pump
modulates fluxes of earth’s climate (Honjo et al., 2014) and is responsible for long-term storage
of anthropogenically produced carbon (Longhurst & Harrison, 1988). Our results confirm the

hypothesis that microplastics can affect the efficiency of the biological pump, which when coupled
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with the effects of climate change (i.e. rising sea temperatures and changing wind patterns) (Le
Quéré¢ et a., 2010), could drastically reduce ocean carbon storage.

Understanding that 4. tonsa is a coastal/estuarine species, their fecal pellets were used as
a proxy for the effects of microplastics on the biological pump. In extrapolating my data, I modeled
the combined effects of smaller fecal volumes and slower fecal sinking rates on carbon storage.
The model estimates that 8.85 times more fecal volume settles per day from fecal pellets strictly
containing algae (control: 3,682 m (average depth of the ocean; Charette & Smith, 2010) / 41.77
m day ! (average fecal sinking rate) = 88.15 days (time for fecal pellets to sink to the benthos);
247,949 um? (average fecal volume) / 88.15 days = 2,812.81 um? day™ (rate of total fecal volume
sinking per day); plastic: 3,682 m (average depth of the ocean; Charette & Smith, 2010) / 10.83
m day ' (average fecal sinking rate) = 339.98 days (time for fecal pellets to sink to the benthos);
108,072 um? (average contaminated fecal volume) / 339.98 days = 317.88 um? day ' (rate of total
fecal volume sinking per day); 2,812.81 pm? day™* / 317.88 um?® day™ = 8.85 times more fecal
volume per day). This calculation is conservative, in that I didn’t incorporate the fact that fecal
pellets laden with microplastics tend to fragment easily, and that fecal pellets are 100% organic
carbon material. Uncontaminated fecal pellets are larger and more densely packed with carbon
which significantly increases the speed of carbon transport to the ocean floor (Figure 4A-C, Figure
5, Figure 6C, 6D) increases fecal pellet integrity reducing fragmentation, and realistically contains
more carbon than contaminated fecal pellets. In turn, this removes particulate organic carbon from
the euphotic zone, reducing the chances that carbon could be released back into the atmosphere as

CO:a.
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A reduction in carbon storage could have huge implications on the size of the atmospheric
carbon reservoir, increasing oceanic CO: abundance. High levels of dissolved CO: in the ocean
has resulted in ocean acidification, affecting marine calcifiers such as sea urchins Lytechinus
variegatus (Emerson et al., 2017), Hemi- centrotus pulcherrimus and Echinometra mathaei
(Kurihara & Shirayama, 2004). Under elevated oceanic CO: conditions, spine integrity,
fertilization rate, cleavage rate, developmental speed, and pluteus larval size all tended to decrease
with increasing CO2 concentration (Emerson et al., 2017; Kurihara & Shirayama, 2004); this
greatly affected normal phenotypes, thus adaptations to future environmental stressors may be
difficult. Although marine copepods are not calcifiers, elevated levels of CO: disrupts the
phytoplankton community, resulting in smaller and less algal cells available for consumption
(Bopp et al., 2005; Moran et al., 2010), affecting zooplankton populations.

Without quantification of feeding selectivity, the differences of fecal pellet size between
treatments was still interesting to observe and comparing my results to other studies was still
relevant. My 1:1 ratio of microplastic to algae particles is unique for fecal studies and could be a
factor in the results discussed in this paper. Microplastic concentrations equal to my experimental
algal concentration of 501 ug C L™ may be higher than average microplastic persistence in the
environment, however these concentrations are comparable to other studies (Setild et al., 2014;
Cole et al., 2013; Lee et al., 2013; Vroom et al., 2017). Using a new autofluorescence method for
detecting microplastics, a mean plastic concentration of 8277 particles L™ was found in California
waters, averaging 5—7 orders of magnitude higher than previous studies (Brandon et al., 2020),
proving that with newer technologies, more accurate microplastic concentrations are determined

continuously. This validates my justification for using high experimental microplastic
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concentrations due to the complexities of extraction as well as the vastness of the ocean sampling.
It can be deduced that as larger microplastic pieces break down into microplastics, plastic particles
exponentially increase, which only heightens uncertainty in quantifying oceanic plastic debris.
Fecal pellets of many marine invertebrates are superficially encased and glued together
with mucus to provide a solid pellet shape (Wotton & Malmqvist, 2001). A mucus encasing allows
for fecal pellets to remain whole and hold its shape for days, if not weeks (Wotton & Malmgqvist,
2001). As found by Cole et al. (2016), I observed an elevated amount of contaminated fecal pellets
that were starting to fragment, or upon egestion, broke apart. Slower sinking fecal pellets prolong
time spent in the water column, which increases the likely hood for the mucus membrane to break
down, releasing microplastic particles, and thus potentially consumed by another organism (Figure

GE).
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Figure 6: Theoretical representation of low-density microplastic transport vectors via zooplankton
in the marine water column. (A) Zooplankton ingest microplastic particles (red dots), either by co-
ingestion with algae (green particles) or misidentification of microplastics for prey; (B)
zooplankton egest these microplastics in their fecal pellets; (C) fecal pellets containing natural
algal prey are more dense, and sink quickly; (D) fecal pellets contaminated with low-density
microplastics will sink significantly slower; (E) fecal pellets containing microplastics are more
prone to fragmentation due to the lack of dense organic material, releasing microplastic particles
into the water column; (F) zooplankton, in diel vertical migration, may ingest free floating
microplastics or consume contaminated fecal pellets, thus returning the microplastic particles to
the surface; (G) benthic sedimentation of microplastics; (H) microplastics stirred up by upwelling,
ocean currents, or scavenging organisms; (I) consumption of microplastics by benthic organisms
such as fish; (J) sinking of microplastic particles due to gravity or returned to the surface via
oceanic flux.
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Coprophagy, or the consumption of feces, is common among aquatic organisms
(Frankenberg & Smith, 1967), and can lead to the reuptake of microplastics in the oceanic food
web. Sinking slower in the water column, contaminated fecal pellets hold the potential to be
consumed at higher rates by coprophagous copepods as well as larger organisms, which also leads
to prolonged circulation of microplastics in food webs. Studying how food web dynamics are
affected by microplastics is difficult, but one-link trophic transfers has been observed (Batel et al.,
2016; Browne et al., 2008; Nelms et al., 2018). Blue muscles (Mytilus edulis), a benthic dwelling
organism, were exposed to 0.5- um fluorescent polystyrene microplastics and fed to green shore
crabs (Carcinus maenas) (Browne et al., 2008). Microspheres were present in the hepatopancreas,
ovaries, stomach, and gills of the crabs, after only one hour of contaminated blue muscle exposure,
and persisted for almost 21 days thereafter (Farrell & Nelson, 2013). Microplastics persisting
inside an organism for an extended period might influence the probability of biomagnification of
plastics in the marine food web (Magnusson et al., 2016).

2.5. Conclusion

Here, 1 have highlighted that microplastics have the potential to affect the marine
environment at the organismal level, and on a global scale with impacting the efficiency of the
biological pump and the biomagnification of microplastics in the oceanic food web. My results
demonstrate reduced nauplii body length, survival, and egg diameters in the presence of
microplastics, stressing the importance to understand the effects of microplastics on all
zooplankton life history stages. Smaller egg diameters could lead to smaller adults which may
impact reproductive output, thus affecting future generations. With reduced growth rates, nauplii

may not reach the adult stage due to slower swim rates, possibly resulting in increased predation,
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which should be assessed at the organismal level using predation assays. Combined energy losses
of reduced growth rates and smaller egg diameters could be amplified to the food web level through
a trophic level transfer efficiency analysis, looking at potential energy shortages at higher trophic
levels. Decreased survival at the nauplii stage could reduce the number of individuals that reach
reproductive maturity, which could impact population growth. Such decreases in population
growth should be modeled to better understand the residual effects of low survival at this
vulnerable zooplankton stage. This knowledge is vital in understanding how critical zooplankton
populations may be affected, as they have been living among oceanic microplastics for some time
and are a critical energy link in oceanic food webs.

I also show that fecal pellets contaminated with microplastics have the potential to reduce
the efficiency of oceanic carbon storage, which in conjunction with current anthropogenic carbon
production, can have major implications for oceans globally. For future models aiming to project
the impacts of microplastics on fecal pellets and carbon storage, I recommend that changes in fecal
volume and sinking rate be included for realistic estimates. Since microplastics are continuously
introduced to the marine environment, zooplankton are predicted to live amongst these particles
for multiple generations. In this study, microplastic exposures only occurred during one
generation, which may not have captured the full effect microplastics have on fecal pellets. I
propose multi-generation exposures may reveal more significant effects on fecal properties, which
can reduce carbon settling via sinking fecal pellets more severely than discussed here. A better
understanding of microplastic exposure on the structural integrity, vertical distribution, and
circulation of fecal pellets is necessary in creating accurately parameterized models to assess the

effects of microplastics on the biological pump and carbon settling
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