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Abstract

This thesis research focused on assessing microplastic (MP) contamination in the
Alabama River and evaluating the impacts of different MP types on Daphnia magna. Chapter 1
was an overview of MP pollution including sources, ecological impacts, and rationale for
conducting this thesis research. Chapter 2 investigated MP contamination in the Alabama River
at which sources, temporal and spatial distributions, and MP load into Mobile Bay were studied.
Chapter 3 focused on the chronic effects of three environmentally representative MPs: nylon and
Kevlar microfibers and MPs made from a single use plastic cup on D. magna. Effects on
survival, growth, reproduction, and MP uptake were determined. Chapter 4 was a preliminary
risk assessment for MPs in the Alabama River through comparing the results of chapter 2 and
chapter 3 using the probabilistic risk assessment approach to determine the bioavailability of

MPs and potential risk to aquatic organisms in the Alabama River.
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CHAPTER 1

1. LITERATURE REVIEW

1.1. Plastic production

Plastics are organic polymers manufactured for different applications. Their strength, flexibility,
high durability, light weight characteristics, and low production costs make them one of the most
often used materials in our society. Poly-tetra-fluoroethylene (PTFE), thermoplastic polyurethanes
(TPU), poly-sulphones (PSO), polyester sulphone (PES), polyacrylates, polyamide imide (PAI)
etc. are examples of common plastics (Hahladakis et al., 2018). Increasing consumer demand has
resulted in increased plastic production, especially in recent years. It was estimated that about 2
million tons of plastics were produced globally in 1950. The amount rapidly increased in recent
years to an approximate of 391 million tons in 2021 indicating an increase of 180 times in 71 years

(Fig. 1.1) (Boschi et al., 2023).
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Figure 1.1. Global plastic production from 1950 to 2021.
The United States is one of the major global plastic producers. Plastic resins production has
increased from 102,806 to 125,505 million pounds in the past 12 years, from 2010 to 2022 (Fig.

1.2).
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Figure 1.2. Production of plastics in the US from 2010 to 2022 (Jaganmohan, 2024).
The mass scale production of plastics has increased plastic waste to the environment. The
management of plastic waste varies, depending on the country and geographic region. The Europe
Union has implemented policies to use less plastics and manage plastic waste such as banning or
charging the use of plastic bags in grocery stores and separating plastic waste for recycling and
therefore discard less plastics into the environment (Kasznik & Lapniewska, 2023). Other parts of
the world, such as Asia and South America, have been believed to release more plastic waste into
the environment. On average, more than 75% of the world plastic produced ends up in landfill
sites. About 15.8% are incinerated whereas only a small proportion (8.7%) is recycled (Thomas et
al., 2024). According to the Statistics for 2018, plastics make around 12.2% of the municipal solid
waste produced in the US, making it the 3™ largest waste category after paper/paperboard and food
wastes. It is evidenced that the world is facing a global plastic pollution crisis. Development of
alternative materials that are more environmentally friendly and reduce, reuse, and recycle more

plastics are needed to solve the plastic pollution problem.



1.2. How plastics turn into microplastics

Large plastic materials can become microplastics (MPs) through a chain of biodegradable, non-
biodegradable, or a combination of both processes. Physical degradation, photodegradation,
thermal degradation, thermo-oxidative degradation, and hydrolysis are examples of non-
biodegradable processes (Turner et al., 2020). Physical degradation occurs due to weathering and
physical collisions that lead to fragmentation of large plastic materials into smaller size plastic
particles. Thermal degradation usually occurs at a commercial scale. Typical examples include the
breakdown of plastic packaging, containers, synthetic textiles, and recycling of plastic waste using
heat. Hydrolysis and photodegradation occurs naturally where chemical bonds in plastic materials
are broken by water molecules and UV light. Biodegradable processes are carried out by
microorganisms (Lambert & Wagner, 2016). Under biodegradation, chemical bonds in plastic
materials are broken by actions of extracellular enzymes produced by microorganisms (J. Yuan et
al., 2020). As a result, micro- and nanoplastics particles are created. Consequently, the polymers
are converted into monomers. Non-biodegradable processes also degrade the polymer structures,
alter mechanical properties, increase their specific surface area, and ultimately result in increasing
the rates of physico-chemical reactions and interactions with microorganisms (Lucas et al., 2008).
In the aquatic environment, plastic waste can also undergo gradual degradation due to its exposure
to water waves, temperature, different biological processes undergoing in the water and other
physical processes (Wu et al., 2019).

1.3. Definition of microplastics and classification

Microplastics (MPs) are plastic particles that have a three-dimensional size of 5 mm or less (Viaroli
et al., 2022). Recently, this definition has been discussed based on the size that can be ingested by

living organisms and their ability to cause negative impacts to biota. Hoang et al, (2024) suggested



that MPs should be limited to plastic particles with sizes of 1 um to 1000 pm. Particles in this size
range can be ingested by many small and sensitive organisms and can have effects on them. Based
on their origin, MPs are classified as primary or secondary (Fig. 1.3). Primary microplastics are
intentionally created with the size described above. Relevant examples of primary microplastics
are polymers synthesized for applications as exfoliants in processes, such as chemical
formulations, grinding products, maintenance of various plastic products and manufacturing of
synthetic clothing. Microbead is another common type of primary MPs. Their common use is in
personal care products (PCPs) and face wash. They were often made of polyethylene (PE),
polypropylene (PP) and polystyrene (PS) (Fendall & Sewell, 2009). Secondary microplastics are
formed due to the fragmentation of large size plastic materials through physical, chemical, and
biological processes in the natural environment and plastic recycling facilities (Browne et al.,

2010)

Figure 1.3. Classification of MPs and production mechanisms (Sarma et al., 2022).



1.4. Pathways of microplastics to water systems

Microplastics can enter aquatic ecosystems through point sources, such as wastewater treatment
plants, effluents of plastic production plants and solid waste processing facilities, and leachate of
landfills (Fig. 1.4). Non-point sources include agriculture and urban runoff, household discharges,

and atmospheric deposition.

Sources and Fate of MPs and Associated Path S

Primary Sources of MPs Secondary Sources of MPs

Raw plastic
Microbeads

Figure 1.4. Sources of microplastic into waterbodies (Junaid et al., 2022).
Among the point sources, effluent of wastewater treatment plants and plastic recycling industries
have been reported to contain high MPs concentrations and contributed to MP pollution in river
systems. According to Hoellein et al. (2019), MPs from the effluents of the Chicago wastewater
treatment plant are an important source of MPs in the Chicago River. A study from the United
Kingdon reported that substantial MPs were present in wastewater released from plastic recycling
facilities due to inefficient wastewater treatment process (Brown et al., 2023). Another study in
Vietnam also found high MP concentrations in waters near small plastic recycling facilities that

had no treatment technology to prevent MPs release into the environment (Le Tran et al., 2023).



Although recycling plastics is important, implementation of treatment processes to contain MPs is
necessary.

In addition, the frictional effects between road and tires can release micro-size rubber fragments
into the environment. Soil in waste transfer stations has been reported to contain substantial MPs
and micro rubber fragments. A recent study in China found a release of 41,297-82,593 MPs from
a single waste transfer station in an hour. Based on this finding, researchers estimated that over
110 million MPs can be released from a transfer station in Shanghai to surrounding environments
(Hu et al., 2022). Material recovery facility (MRF) sites are also important sources of MP release
into the environment. Studies have highlighted the potential of MPs release from different unit
processes occurring in these facilities like tipping, screening, waste transfer onto conveyor belts,
waste compression, frictional effects, and mechanical abrasion (Zhang et al., 2021).

Plastics from landfill sites can be blown to waterways and enter aquatic systems via leachate
discharges. Studies have identified the redistribution of MPs during waste treatments,
accumulating MPs in the sludge or treated effluent (He et al., 2019). Strong correlations between
landfills and release of MPs to the air, soil, and water have been reported in many studies
(Fajaruddin Natsir et al., 2021; Mahesh et al., 2023; Nurhasanah et al., 2021; Sarathana & Winijkul,
2023; Wan et al., 2022). Evidence of groundwater contamination has also been reported by studies
due to leachate released from landfill sites. Concentrations of 2-80 MPs/L were found in the
groundwater (GW) samples collected from surrounding locations of a landfill site in Chennai,
India (Ket al., 2021).

1.5. Microplastics in river systems

Microplastics in water can pose risks to living organisms and ecosystems via different ways.

Aquatic organisms have been found to mistakenly ingest MPs and physical damages to their



digestive system was reported (Huang et al., 2020; Jeong et al., 2024). Microplastics can absorb
and desorb environmental pollutants and transport them through aquatic ecosystems and into
organisms when microplastic associated with environmental contaminants are ingested. Special
concerns are with organic toxic chemicals, such as phthalates, polybrominated diphenyl ethers,
and other persistent organic pollutants (POPs) (Crawford & Quinn, 2016). Since MPs can last for
a long time (up to centuries) in the natural environment, their potential impacts on the ecosystem
are of great concern (Born & Briill, 2022; Chamas et al., 2020). In past years, research on MP
pollution was focused on the marine environment, whereas less attention was given to freshwater
ecosystems (Eerkes-Medrano & Thompson, 2018). In recent years, research on MPs in terrestrial
and aquatic environments has been intensified (Table 1.1). In the US, studies have reported strong
correlations between MPs presence in rivers and various anthropogenic factors, such as human
population densities and urban land covers in the US (Talbot & Chang, 2022). Similar findings
were also reported in Europe (Dris et al., 2015; Lechner et al., 2014; Liu et al., 2019), Asia (Chen
et al., 2021; Irfan et al., 2020; Kameda et al., 2021), Australia (Leterme et al., 2023; Su et al.,

2020), and North America (Grbi¢ et al., 2020; Talbot et al., 2022; Yonkos et al., 2014).



Table 1.1:

MPs found in rivers across the world.

. Catchment Sample Abundant
River Area (km?) Country Fraction MPs count MPs Size Types References
Kaveri River 81,155 India Sediment 187103 - 699 + 66 PA,PE,pp pET  (Maheswaran ctal,
items/kg 2022)
Water .
Lower Santa 19.5+2.2 MP/L (Eppehimer et al.,
Cruz River 22,000 us colpmn/ 246.9 + 30.5 per kg - - n.d.)
sediments
Brisbane River 13,560 Australia Slmulat} on/ --- --- PE, PA, PET, PP,PS  (B. Heetal., 2021)
Modeling
. _ 3
Liangfeng 528 China Sediment (14:40-79.45) x 10 50-500um  PE, PS, PP,PA,PVC  (Xia et al., 2021)
River items/kg (max. value)
. . . 9.4-50.3 items/kg (dry) Polyester, PU, PBT, .
Dafeng River - China Sediment 0.0-21.3 items/kg (rainy) - POM, PS, PE, PP Liu et al. (2021)
. . . 417-8178 particles’kg 0.063-5 mm (Gerolin et al.,
Amazon River 7000,000 Brazil Sediment 0-5725 particles/kg 0.063-1 mm - 2020)
S . Water/ 3.67-10.7 items/L .
Wei River 135,000 China Sediment 360-1320 items/kg 5-0.5 mm - (Ding et al., 2019)
. . . 43.5-459 mg/kg or 786- .
Rhine River 220,000 Germany Sediment 1368 particles/kg 630-5000 pm PE, PP, PS, PA (Klein et al., 2015)
Long Beach . (Wiggin &
Harbor - USA Water 113.627 particles/L 3-500 um - Holland. 2019)
Los Angeles . (Wiggin &
River - USA Water 641.292 particles/L 3-500 um - Holland. 2019)
San Gabriel . (Wiggin &
River - USA Water 63.359 particles/L 3-500 um - Holland. 2019)
Water 1.27 MPs/L
Yangtze River 1.8 million China sediments 286.20 MPs/kg 0.6-1 mm PP, PE, PA, PS, PVC, (Yuan et al., 2022)
. PET, PC, and PVF
soil 338.09 MPs/kg
Amazon River 7,000,000 Brazil Water 8-39 MPs/m’ 100-1000 um ~ Folvester, PR PS,and i oia1 2003

PE




Rivers are an integral part of freshwater ecosystems and play a vital role in life sustenance on
Earth. Freshwater systems are extensively utilized for different functions and purposes such as (a)
life support by fulfilling the drinking water and agricultural demands (Bexeitova et al., 2024), (b)
ecosystem services by recycling nutrients, waste assimilation and climate regulation (Darji et al.,
2022), (c) biodiversity habitat by enabling fish, aquatic species, invertebrates, plants and animals
to survive (Raju et al., 2023; Sulaiman et al., 2023), (d) recreational activities and tourism spots
such as boating, fishing, swimming etc. (Allen et al., 2022). The presence of MPs in freshwater
bodies worldwide in recent years raised concerns about the potential impacts of MPs on public
health and aquatic life. Microplastics have been found in different parts of the body of living
organisms including humans. Hence there is a dire need to conduct studies to evaluate MP pollution
in river systems and understand their potential risk and impacts on aquatic life.

1.6. Impacts of microplastics

Microplastic can affect living organisms if ingested, relocated, and/or entangled in the digestive
system. Microplastic ingestion by terrestrial and aquatic organisms has been reported. Research

found MPs of different types in various classes of aquatic organisms (Fig. 1.5, Table 1.2).
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Figure 1.5. Percentage of different MP types present in aquatic organisms (de Sa et al., 2018).

Each bar represents the number of studies found MPs in the organisms whereas plastic types



discussed include Not specified (NS). Polyurethane (PU), Cellophane (CP), Polyether (PT),
Acrylic (AC), Polyamide (PA), Polyvinylchloride (PVC), Polyester (PES), Polypropylene (PP),
Polystyrene (PS), Polyethylene (PE).
The amount and type of ingested MPs varied and was dependent on species and habitat they live
in. An amount of 7.5+4.9 MP (PE, PET, PP) particles per organism were found in Nile Tilapia in
Egypt (Khan et al., 2020), 8.12+4.26 MP (PA, PE, PS) items per organism in the fish guts in Iran
(Makhdoumi, Amin, et al., 2021; Makhdoumi, Naghshbandi, et al., 2021), 3 microbeads/fibers in
every 50 Goldfish retained in Canada (Grigorakis et al., 2017), and 0.17+0.07 — 0.92+0.19
microfibers and fragments/individual in crayfish in China (Zhang et al., 2021) were reported. Large
MPs can be accumulated and entangled in the digestive system. Small MPs have been reported to

relocate into different parts of the body, such as blood stream, livers, kidneys, brain, etc. (Liang et

al., 2024; Rahman et al., 2024; Sun et al., 2024; Auta et al., 2017; Hollerova et al., 2021).

Table 1.2: MPs exposure impacts on aquatic organisms.

Organisms

Influence and Endpoint

Reference

Shrimp
(Paratya australiensis)

Farrer’s scallop
(Chlamys farreri)

Beluga whales
(Delphinapterus leucas)

Zebrafish

(Danio rerio)

Girella fish

(Girella laevifrons)
Goldfish

(Carassius auratus)
Sea cucumber
(Apostichopus
japonicus)

Nile tilapia
(Oreochromis niloticus)
Planktonic crustacean
(Daphnia magna)

36% shrimp had MPs, with an average of 24 + 31 items/g.

Reported the MPs potential for bioaccumulation. Enhanced
impacts of BDE-209 on hemolytic phagocytosis,
ultrastructural variations in gills and digestive gland.
Highlighted the presence of MPs in the gastrointestinal tract.
18 to 147 MP beads were found in the digestive tract of each
individual.

Zebrafish ingested the MPs, passed along the intestinal
lumen, and passed out of body.

Inflammation, circulatory disorders; regressive changes in the
intestinal tissue, assessing crypt/villi cell loss.

Different properties of MPs increase the risk of exposure to
fish.

MPs affected the status of growth and physiology in sea
cucumber.

Anemia and perturbation were triggered, causing mortality in
juvenile tilapia.

The mortality rate was increased. MPs altered the toxicity of
pollutants, such as herbicides.

(Nan et al., 2020)

(Xia et al., 2020)

(Moore et al., 2020)

(Batel et al., 2020)

(Ahrendt et al.,
2020)

(Moore et al., 2020)
(Mohsen et al.,
2019)

(Xiong et al., 2019)

(Zocchi &
Sommaruga, 2019)
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Once entered and accumulated in the animal body, MPs are not metabolized and can have negative
effects on living organisms. The consequences included blockage of their digestive tract leading
to effects on energy intake for biological performance, vectoring environmental pollutants and
increasing the bioaccumulation of pollutants in organisms’ tissue, and transfer of pollutants and
MPs through the trophic chain (Jeong et al., 2024). Going through these processes, MPs can affect
ecosystem functioning and services (Desforges et al., 2015; Tuuri & Leterme, 2023). Microplastics
can eventually be transferred to humans via consumption of MP contaminated food.

Research has found different types of effects on living organisms when they are exposed to MPs.
The effects range from molecular responses including gene expression (Marcellus et al., 2024;
Poma et al., 2023), enzymatic activity impacts (Khan et al., 2024; Liang et al., 2021; Patra et al.,
2022; Yu et al., 2020), physiological processes (Bhuyan, 2022; Jiang et al., 2022; Mkuye et al.,
2022), and lethality (Bhuyan, 2022b; Masud & Cable, 2023; Seeley et al., 2023). However, most
studies were conducted with primary MPs, that are less abundant in the natural environment than
secondary MPs. To better understand the environmental impacts of MPs, it is important to conduct
research using environmentally realistic MPs. Research with long time exposure is also more
relevant than short time exposure. With MPs being persistent in the natural environment, results
of long-time exposure studies are more relevant for ecological risk assessment to support decision
and policy making for management of MP pollution.

1.7. Problem statement

As described in the sections above, MPs in the environment are increasing as a result of the
ongoing acceleration of plastic production and use around the world. Research assessing MP
pollution in big rivers in the world has been conducted. In the US, a few studies on MPs in river

systems have been reported, such as the Hudson River (Polanco et al., 2020) or Chesapeake Bay
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(Bikker et al., 2020), San Francisco Bay and Long Beach, California (Miller et al., 2021; Wiggin
& Holland, 2019), Neuse River in North Carolina (Kurki-Fox et al., 2023), Eel, Salamonie,
Tippecanoe, Lower East Fork White, Muscatatuck, and Patoka Rivers, Indiana (Conard et al.,
2023), coastal sites of North Carolina, Texas, and US Virgin Islands (Yu et al., 2018), and Snake
River of Idaho and Oregon (Kapp & Yeatman, 2018). The Alabama River is the largest river in
Alabama in the US. The Alabama River is the major drainage of urban and agricultural runoft and
city effluents, and therefore, is expected to receive MP release from various sources along its
waterway, such as wastewater treatment plants, agricultural activities, recreational and fishing
activities. However, information on MP contamination in the Alabama River system is limited.
Mobile Bay- the drainage basin of the Alabama River is the home to a diversity of aquatic species
and has been identified as one of the most important nearshore habitats in the Gulf of America.
Microplastic contamination can affect aquatic life in the Alabama River, Mobile Bay, and the Gulf
of America if the contamination is high. Considering these existing gaps in the literature and the
lack of information, this research is designed to evaluate and characterize MP contamination in the
Alabama River and potential impacts of environmentally realistic MPs on aquatic organisms using
Daphnia magna, a model species for ecotoxicology research.
1.7.1. Research Objectives
The main objectives of this study are as follows
Objective 1: To determine MPs contamination in the Alabama River.

» To understand the spatial distribution of MPs in the Alabama River

» To understand the temporal distribution of MPs in the Alabama River

» To estimate the MPs load into Mobile Bay

12



Objective 2: To determine the effects of chronic exposure of environmentally realistic MPs
on Daphnia magna
» To evaluate MPs ingestion by D. magna over time

» To assess the effects of MPs on growth, reproduction, and survival of D. magna

13
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CHAPTER 2

2. DISCOVERY OF MICROPLASTICS IN THE ALABAMA RIVER:
DISTRIBUTIONS, TRANSPORT AND LOADS, SOURCES, AND

RELATIVE COMPARISON WITH WORLD RIVERS

2.1. Abstract

The present study investigated microplastic (MP) contamination in the Alabama River.
Concentration and size distributions, transport and loads, and potential sources of MPs were
studied. Results showed that MP concentrations in the Alabama River and world polluted rivers
are comparable. The concentration fluctuated by season and location with no consistent trends.
The study revealed that MPs in the Alabama River likely did not travel long distances and
sedimentation on the riverbed may be a major sink for MPs. Polyethylene terephthalate (PET, 21.7
%) was the most abundant polymer found in the samples. Other less abundant polymer types were
polymethyl pentene (PMP, 16.1 %), polypropylene (PP, 13.8 %), polyvinyl chloride (PVC, 12.4
%), polybutylene terephthalate (PBT, 12 %), acrylonitrile butadiene styrene (ABS, 6.7 %), and
polyethylene (PE, 5.3 %). Approximately 90 % MPs were less than 2.5 mm long with 50 % being
less than 1 mm, which are in consumable size range for many sensitive aquatic organisms. It was
estimated that hundreds of billions to trillions of MPs enter Mobile Bay per day. This poses
potential exposures and risks to aquatic life in the Bay and the Gulf of Mexico (hereafter called
Gulf of America). Microplastic concentrations were quantitatively correlated with the watershed
drainage into the river and human pollution suggesting contributions of human activities to MP
contamination. The present study provides a first look at MP contamination in the Alabama River.
Keywords — Microplastics abundance and concentrations Alabama River Load and transport Size

distribution Spatial and temporal variation
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2.2. Introduction

Plastic production in the modern world is increasing continuously and so is plastic waste. Estimates
predicted a generation of around 12,000 tons of plastic waste by 2050 (Geyer et al., 2017). The
chemical stability of plastics enables them to persist in the natural environment for decades (Xia
et al., 2024) and poses an environmental concern for the scientific community and environmental
managers around the globe. Plastic debris are believed to be more toxic and harmful as their size
is reduced (Chae et al., 2019). Plastics with a size equal to or less than 5 mm are defined as
microplastics (MPs) (Viaroli et al., 2022). Based on their origin and applications, MPs are
categorized into primary and secondary MPs. Primary MPs are plastic particles intentionally
produced with a size of 5 mm or less for specific industrial applications, such as plastic microbeads
used in industrial abrasions, cosmetics products, plastic pellets, whereas secondary MPs are
produced by fragmentation of large plastic items (Rochman et al., 2016). Although most plastic
waste is produced on land, plastics are washed off and/or blown into waterways, such as lakes and
rivers and end up in the ocean. Industrial, domestic, and agricultural discharges are all important
sources of MPs in the environment.

Once plastics reach the waterbodies, aquatic species are exposed to them. Microplastics have been
reported to be ingested by living organisms and caused lethal and sublethal effects on them
(Barrick et al., 2025; Hoang & Mitten, 2022; Lee et al., 2023; Lopez-Rojo et al., 2020; Nelms et
al., 2019; Yuan et al., 2022). Therefore, understanding MP contamination status and managing
sources to reduce MP impacts on the natural ecosystem is necessary. Research on MP
contamination in river systems has been carried out around the world including in England (Horton
et al., 2018), Germany (Klein et al., 2015), Switzerland (Faure et al., 2015), Canada (Ballent et al.,

2016), Austria (Lechner et al., 2014), India (Sarkar et al., 2021; Sarkar et al., 2021), South Korea
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(Eo et al., 2019; Wang et al., 2017), Japan (Kabir et al., 2021; Nihei et al., 2020), and Vietnam
(Lahens et al., 2018). The level of MP contamination in world river systems varies, depending on
sources and management measures. Overall, MP concentrations have been reported to be higher
in rivers in Asia where pollution control is less intense than in western countries. In the US, few
studies on MP pollution in river systems have been conducted with the most comprehensive
research limited to the San Francisco Bay and Long Beach, California (Miller et al., 2021; Wiggin
& Holland, 2019), Neuse River in North Carolina (Kurki-Fox et al., 2023), Chesapeake Bay
(Yonkos et al., 2014), Eel, Salamonie, Tippecanoe, Lower East Fork White, Muscatatuck, and
Patoka Rivers, Indiana (Conard et al., 2023), coastal sites of North Carolina, Texas, and US Virgin
Islands (Yu et al., 2018), and Snake River of Idaho and Oregon (Kapp & Yeatman, 2018).

The Alabama River is the largest river in Alabama, USA. The river is formed by the confluence of
Coosa and Tallapoosa Rivers-components of the Alabama River Basin and flows approximately
640 km through Montgomery-the capital city of Alabama and Selma to the Gulf of America.
Downstream, it joins the Tombigbee River at the bottom of the Alabama River Basin in Mobile-
the second largest city of Alabama and forms Mobile River, ultimately forming an estuary at
Mobile Bay of the Gulf of America. The Alabama River is the major drainage of urban and
agricultural runoff and city effluents, and therefore, is expected to receive MP releases from
various sources along its waterway, such as wastewater treatment plants, agricultural activities,
recreational and fishing activities. Anthropogenic activities on Alabama’s water system have
resulted in increased contamination. Both point and non-point sources have contributed to the
water quality degradation in the Alabama River. However, information on MP contamination in
the Alabama River system is poorly understood. Mobile Bay is the drainage basin of the Alabama

River, is the home to a diversity of aquatic species, and has been identified as one of the most
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important nearshore habitats in the Gulf of America. Microplastic contamination can affect aquatic
life in the Alabama River, Mobile Bay, and the Gulf of America if the contamination is high.
Considering these gaps, the present study was conducted to understand different aspects of MP
contamination status of the Alabama River. The spatial and temporal variation in MP
concentration, characterization of MP types, size distributions which are related to bioavailability
for ingestion, transport, loads into Mobile Bay, and potential factors contributing to MP release
into the river system were evaluated. To the author’s best knowledge, this is the first extensive
study on MP contamination in a river system that investigated the sources, distributions, transport,
loads, and potential bioavailability of particles using an innovative sampling method that allowed
determination of MP distribution in a water column. Results of the present study provided a
baseline for future researchers to conduct risk assessments to support management of MP pollution
in US river systems.

2.3. Materials and methods

2.3.1. Study site

In the present study, five sites (Wetumpka, Montgomery, Selma, Dixie Landing, and Mobile) along
the Alabama River were selected to investigate MP pollution in the river (Fig. A1). Wetumpka (32°
32°20.6” N; 860 12° 22.5” W) is the upper stream site and expected to be less contaminated than
Montgomery (32° 25° 46.6” N; 860 23° 33.5” W) and Mobile (30° 40’ 01.6” N; 87° 55’ 31.4” W)
sites. Selma site (32° 09 43.6” N; 87° 07’ 04.5” W) is downstream of Montgomery and is expected
to have lower MP concentrations than the Montgomery site. Dixie Landing (31 17°43.2” N; 87¢
45°52.4” W) is a remote site because it is in a forest area that receives little human activity. It is
above the merging point of the Alabama River and Tombigbee River. The Mobile site (30° 40’

01.6” N; 872 55*31.4” W) is at the river mouth at which the river drains into Mobile Bay. This site
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selection covers approximately 94 % of the river stream (~ 600 km) and allows determination of
the spatial difference and potential contributions of human activities in urban areas to MP
concentrations in the Alabama River water.

2.3.2. Water sampling

To determine the temporal and spatial differences in MP concentration in the Alabama River, water
samples were collected from each selected site in the summer, fall, and winter of 2023 and spring
of 2024. In recent studies, water sampling for MP analysis was conducted using plankton nets that
were designed for microplastics (called microplastic net) or straight water collection (Pan et al.,
2020; Rico et al., 2023). However, a major drawback of net sampling is that it only collects the
surface samples and is also unable to collect the particles that have sizes of less than the opening
size of the mesh (usually 333 um) while smaller plastic particles tend to be the most abundant in
natural waters (Song et al., 2014). To avoid this problem, water samples in the present study were
collected using a self-designed sampler that was made of a commercial 3.06 m PVC pipe and
copper ball valves that allowed collecting samples at three different sections (layers) of the water
column to determine the vertical distribution of MPs in the river water (Fig. A2).

The first section was 0.61 m from the surface, which represents the water column of most field
studies on MP pollution in surface waters (Akdogan et al., 2023; Matjasic et al., 2023). The middle
and bottom layers were 1.20 m each below the surface layer. A silicon rubber cork at the bottom
of pipe was used to open and close the sampler each time. The bottom of the cork (larger diameter
end) was attached to a string that was secured to the pipe on the outside to keep the sampler open.
The top of the cork (smaller diameter end) was hooked to a stainless-steel wire that was connected
to the top of the sampler from inside that allowed closing the sampler through pulling the wire

from the top of the sampler. The cork was kept half-way open when the sampler was lowered down
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in the water to allow water to go through the sampler. After reaching the required depth, the cork
was pulled to close the sampler. Water samples were collected in jars by opening the copper ball
valves assembled to the sampler. This sampling method was used for all sites except for the Dixie
Landing site, at which only surface water was collected because of the lack of boat access.
Kemmerer sampler was also used for collecting an additional water sample during Winter and
Spring seasons. At each site, triplicate samples were collected at three locations along the river at
approximately 300 m apart. At each location, a 3 L composite water samples were collected from
the middle and both edges of the river. A total of 164 water samples were collected for MP analysis
in the one-year period of the study [(3 layers x 3 replicates x 4 seasons x 4 sites) + (1 layer x 3
replicates x 4 seasons x 1 site (Dixie Landing))]. The PVC sampler was rinsed thoroughly with 10
% HNO; acid and DI water to wash off MPs that might be associated with the pipes during
manufacturing before using for sampling. At sampling sites, the sampler was rinsed with river
water before collecting samples to prevent cross contamination between sites. Water was collected
into pre-acid washed glass containers and covered with aluminum foil before capping to avoid
potential contamination of microplastics from the container’s caps. Samples were placed in coolers
and transported to the Ecotoxicology and Risk Assessment Laboratory of Auburn University for
processing and analysis of MPs. Water quality parameters were measured at the sampling sites.
Water pH was measured using a Toledo Seven 2Go pH meter. Temperature, dissolved oxygen
(DO), and conductivity were measured using a Y SI Pro 2030 Meter. The river flow on the sampling
day was obtained from the online waterflow monitoring database of the USGS. Other water quality
parameters, such as hardness (titration, (Eaton et al., 2005a)) and alkalinity (titration method,

(Eaton et al., 2005b)), and metal concentrations were analyzed using an Inductively Coupled
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Plasma Mass Spectrometry (ICP-MS), Model NexION 2000 in the Ecotoxicology and Risk
Assessment Laboratory of Auburn University. Results of water quality are reported in Table A1.
2.3.3. Quality assurance

To minimize environmental contamination, glassware was used to conduct the experiment. All the
glassware was rinsed with acetone and MilliQ water prior to the experiment. Glassware was
covered with aluminum foil to avoid deposition of airborne MPs. Since ambient MPs have been
reported to be present in the laboratory, blank filters were also used for filtration to determine the
background MPs in the laboratory, especially for microfibers. The laboratory bench was swept
before processing the samples. A cotton laboratory coat was worn during processing and analysis
of samples. In addition, a nylon MP sample and a cup MP sample (microplastics made from a
single use plastic cup were prepared separately by mixing the MPs in ethanol (Barrick et al., 2024).
Six replicate samples of each MP type were collected and filtered to measure MP concentrations
in the ethanol solutions. Another six replicate samples were collected into digestion tubes,
digested, and measured MPs as for river water samples to determine the recovery of the analysis
method.

2.3.4. Analysis of microplastics

Analysis of MPs was conducted in the Ecotoxicology and Risk Assessment Laboratory of Auburn
University based on the National Oceanic and Atmospheric Administration (NOAA) guidelines
(Masura et al., 2015). Water sample was first mixed thoroughly, and 1 L was passed through a
stack of stainless-steel sieves of 5 mm and 38 pum pore sizes. The 38 pm sieve was selected because
water can easily pass through it without the use of vacuum pump to avoid potential breaking of
microplastics due to pressure caused by vacuum pump. Through this step, the samples were

separated into parts. The water passing through 38 pum sieve (hereafter called below 38 pm
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fraction) was filtered directly onto a cellulose nitrate grid membrane filter with the pore size of
0.45 um (VWR International) for identification and characterization of MPs. Materials retained
on 38 um sieve (hereafter called above 38 um fraction) were rinsed with MilliQ water and collected
into a pre-acid washed glass beaker and digested with 30 % H2O; for 24 h at 60°C to break organic
materials. After digestion, the solution was diluted three times with MilliQ water and filtered on
0.45 um membrane filters for MP identification and characterization.

2.3.5. Identification and characterization of microplastics

The filters were first examined under a LAXCO Stereomicroscope to identify and count MPs.
Physical characteristics of MPs, such as size, and color were determined and recorded. The
dominant MPs in the natural environment have been reported to be microfibers (Mauro et al., 2022;
Liu et al., 2022; Weis & Falco, 2022). To be convenient for interpretation and comparison, MPs in
water samples of the present study were categorized into two classes: fibers and non-fibers
(fragments, beads, and films) (Hoang & Mitten, 2022). Fiber length and width and length of non-
fiber MPs were measured using a LAXCO Stereomicroscope. The approximate area of non-fiber
MPs (length x width) was also calculated. Microplastic concentrations in the entire water column

(three layers combined) were calculated using Eq. 1.

__ Ns+Nm+Nb
T Vs+Vm+Vb

(1

where C is the MP concentration (MP particles/L, hereafter called MPs/ L) in the water column
Ns, Nm, and Nb, are the number of MPs found in surface, middle, and bottom water layers,
respectively. Vs, Vi, and Vy are the water volumes (L) of the three layers, respectively. After
determining the shape and size, the polymer type was verified through a Shimadzu AIRsight

Infrared/Raman Microscope using Fourier Transform Infrared Spectroscopy (FTIR) method. More

details of the measurement method are described in Table A7. Particle spectrum was compared
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with the reference plastic spectrum to determine the polymer type. According to the manufacturer,
a matching score of greater than 550 is considered plastic material.

2.3.6. Analysis of size distribution of microplastics and relative comparison of microplastic

concentrations in world rivers

Results of the size measurement of MPs (fiber length and length of non-fiber MPs) were used to
analyze the size distribution of MPs. Cumulative frequency distribution method that is usually
used for assessment of toxicant exposure and effect distribution for ecological risk assessment was
used for the size distribution analyses in the present study (Hoang & Rand, 2015; Li et al., 2025).
The lengths of fiber and non-fiber MPs were used to develop cumulative log-logistic distributions
for individual MPs for each site of all seasons, all sites in the same season, and all sites and seasons
together using least squares regression. The lengths were ranked from the shortest to the longest,

and a centile was calculated for each MP using Eq. 2:

100
(n+1)

Centile = Rank *

)

where n is the total number of MPs. The 10, 50, and 90" cumulative percentiles of MP length
were calculated. The 10" and 90" percentiles are usually used to represent effect and exposure
benchmarks in ecological risk assessment, respectively, and represent the size range of 80 % MPs
in the present study. The centile calculation method above was also used to determine the
cumulative centile ranks that were used for comparing MP concentrations in the water of world
rivers. MP concentrations of world rivers were obtained from the literature. Concentrations
reported in units other than MPs/L were converted to MPs/L for the centile rank analysis.

2.3.7. Assessment of microplastic transport in the Alabama River and load into Mobile Bay
MP transport rates in the Alabama River at each sampling site were calculated using Eq. 3.

MP transport rate = (MP concentration) X (water flowrate) (3)
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where, MP transport rate is in number MPs/day, MP concentration is in number MPs/L, and water
flowrate is in L/day. Water flowrates were calculated based on the hourly water discharge rates at
each site on the sampling day that were obtained from the USGS online database. The water
discharge data of a monitoring site that is nearest to a sampling site of the present study was used
to calculate the average daily flowrates, the seasonal lowest and highest daily average flowrates,
and seasonal average of daily flowrates for the sampling site (Table A2).

These water flowrates and average MP concentrations for each sampling day were used to calculate
daily MP passing through each sampling site (hereafter called MP transport) using Eq. 3 above.
Total MP transport (in number MPs) through each sampling site in a season (Eq. 4) and in the
entire study year (Eq. 5) were also calculated. The daily MP transport rates and the total MP
transports in a season and the study year at the Mobile site represent the daily MP load rates and
total MP loads into Mobile Bay and the Gulf of America in a season and year, respectively.

Total MP transport in a season = (Seasonal daily average MP transport rate) * (Number of days

in a season) (4)
Total MP transport in the study year = Z?zl(Total MP transport in a season) (5)

2.3.8. Assessment of the relationship of microplastics in the Alabama River water with
potential sources.

The Pearson correlation method was used to determine the correlation between MP concentrations

of the Alabama River water, water flow, watershed area, and human population of the city of the

sites studied. The average water flow data were obtained through the USGS online database.

Human population data were obtained from the US Census Bureau or the city/county database.

Watershed areas for each studied site were extracted through the USGS StreamStat online

database. Data used for correlation analysis are shown in Table A3.
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2.3.9. Statistical analysis

Comparisons of significant differences in MP concentrations between sites in a season or between
seasons at a site were conducted to determine the spatial and temporal variation of MP
contamination in the Alabama River. Data were transformed using the logarithmic transformation
method to satisfy the assumptions of normal distribution and homogenous variances before
comparison. Statistical Analysis System (SAS) — Academics on Demand was used for the
statistical analyses. Normality of the data was determined using the Shapiro-Wilks test. ANOVA
pairwise comparisons with Tukey’s test were used to determine the significant difference between
the mean MP concentrations. Statistical significance was set at a p-value < 0.05.

2.4. Results

2.4.1. Microplastic characteristics

Microplastics of different sizes, shapes, colors, and types were found in all water samples (Fig.

2.1).

i

Fig. 2.1: Microplastics in the Alabama River water.
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A total of 3156 MPs were identified, sized, and colored in the present study. The microfiber lengths
(ranged from 0.1 mm to 5.0 mm), lengths of non-fiber MPs (ranged from 0.02 mm to 5 mm), and
the two-dimensional area of non-fiber MPs (ranged from 0.001 mm? to 0.8 mm?) are reported in
Table 2.4. The results of polymer type analysis showed that no consistent trends or frequency by

site or season for the chemical characteristics of MPs were observed (Table A4, Figure A3).
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Figure 2.2: Percentage of polymer types in the Alabama River water (A: summer, B: fall, C: winter, D: spring).
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However, the most dominant polymer type across all sites was polyethylene terephthalate (PET)
with a seasonal average of 21.7 % and a range of 5.7-44.7 % followed by polymethyl pentene
(PMP) (16.1 %, 9.5-26.7 %), polypropylene (PP) (13.8 %, 2.4-33.3 %), polyvinyl chloride (PVC)
(12.4 %, 0.7-34.7 %), polybutylene terephthalate (PBT) (12.0 %, 2.9-22.2 %), acrylonitrile
butadiene styrene (ABS) (6.7 %, 1.4-14.4 %), and polyethylene (PE) (5.3 %, 1.7-15.3 %) (Table
A5, Fig. 2.2). Other plastic polymer types were less than 5.0 % on average.

2.4.2. Microplastic concentrations

Microplastic concentrations in samples of different water layers for the below 38 um and above
38 um fractions are presented in Figure A4. Statistical analysis showed that except for the Mobile
site in the summer and the Wetumpka site in the fall and spring, no statistically significant
difference in MP concentration between the two fractions was found for other sites and seasons.
The results also showed that MP concentrations of different water layers at the same site and in
the same season were not statistically significantly different (Figure AS). In addition to that, the
MP concentrations of different water layers were not significantly different from the Kemmerer
samples (hereafter called K samples) (Figure A6).

To be convenient for comparison and interpretation, MP concentrations of combined fractions and
water layers (without K samples) were used and presented. Results of the QC samples showed that
small numbers of fibers were detected on the QC filters with the average of 3.75 + 4.50 MPs/filter
for the summer batch of samples and 1.00 + 1.41 MPs/filter for the fall batch of samples (Table
A4). Microplastics were not detected in the QC filters for the winter and spring sample batches.

Results of the MP spiked samples are reported in Table A6.

The average MP concentrations before and after digestion were 20 and 23 MPs/filter for cup MPs

and 75 and 66 MPs/filter for nylon microfibers, respectively. These results indicated a recovery of
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112 % for cup MPs and 87 % for nylon microfibers. These recoveries are within 15 % of targeted
concentrations, which are usually accepted for chemical analysis and should be accepted for MP
analysis.

The size range of MPs before and after digestion overlapped. For cup MPs, the two-dimensional
surface area ranged from 0.0001 to 0.08 mm? for before digestion and 0.0001-0.06 mm? for after
digestion. The length range of nylon microfibers were 0.05—-1.56 mm and 0.02—4.37 mm for before
and after digestion, respectively. These results suggest that the digestion process did not affect MP
size.

Microplastic concentrations (all MPs, fibers, non-fiber MPs) in the Alabama River water are shown
in Fig. 2.3. The MP concentration varied by site and season. Overall, MP concentrations were the
highest in the summer and lowest in the winter. The ranges of the average MP concentrations (all
MPs) for the summer, fall, winter, and spring were 31-135 MPs/L, 25-66 MPs/L, 13—48 MPs/L,
and 12-75 MPs/L, respectively (Table A4). Those respective ranges for fibers were 15-67 MPs/L,
1849 MPs/L, 7-36 MPs/L, and 11-52 MPs/L and for non-fiber MPs were 13—83 MPs/L, 9-23
MPs/L, 6-14 MPs/L, and 1-23 MPs/L (Table A4). There were statistically significant differences

in MP concentrations between sites in the same season.
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Figure 2.3: Spatial differences in microplastic concentrations of the Alabama River water (A: summer, B: fall, C:
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Montgomery, Selma, Dixie Landing, and Mobile sites, respectively.

For example, in the summer, the concentration of all MPs at the Mobile site was significantly
higher than those at the Wetumpka, Montgomery, and Dixie Landing sites but not significantly
higher than the Selma site (Fig. 2.3A). Non-fiber MP concentration was statistically significantly
higher at the Mobile site than at the Wetumpka and Montgomery sites (Fig. 2.3A). The fiber
concentration was statistically significantly higher at the Selma site than the Wetumpka and Dixie

Landing sites (Fig. 2.3A). In the fall, only fiber concentrations at the Selma and Dixie Landing
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sites were statistically significant (Fig. 2.3B). For the winter and spring, MP concentrations (all
MPs, fibers, non-fiber MPs) at the Dixie Landing site were statistically significantly lower than
those at other sites with the exception for no statistically significant difference of the fiber
concentrations at the Dixie Landing and Selma sites in the winter (Figs. 2.3C, 2.3D).

The temporal variation of MP concentrations appeared to be less significant than spatial variation

(Fig. 2.4).
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At the Wetumpka site, only fiber concentrations in the summer and winter were statistically
significantly different (Fig. 2.4A). For the Montgomery site, the MP concentrations between the
seasons were not statistically significantly different except for the fiber concentrations in the fall
and spring (Fig. 2.4B). At the Selma site, the concentrations of all MPs and non-fiber MPs in the
summer and winter were statistically significantly different. Other cases were not statistically
significantly different (Fig. 2.4C). Statistically significant differences were found for the
concentrations of all MPs and non-fiber MPs between the fall and spring and non-fiber MPs
between the winter and spring (Fig. 2.4D). For the Mobile site, the concentration of all MPs was
statistically significantly higher in the summer than in the winter. Non-fiber MP concentration was
also statistically significantly higher in the summer than in other seasons (Fig. 2.4E).

2.4.3. Relative percentage of microplastics

Relative percentage of microplastics Overall, fiber MPs were found to have higher percentages
than non-fiber MPs except for the Dixie Landing site in the summer, winter, and spring and the
Mobile site in the summer, at which a reversed relative distribution was found (Fig. 2.5). In the
summer, fiber MPs ranged from 39 % (Mobile site) to 72 % (Wetumpka site) compared to non-
fiber MPs range of 28 % (Wetumpka site) - 61 % (Mobile site) (Fig. 2.5A). The ranges in the fall
were 62 % (Montgomery site) — 74 % (Mobile site) and 26 % (Mobile site) — 38 % (Montgomery
site) for fiber and non-fiber MPs, respectively (Fig. 2.5B). The percentages of fiber and non-fiber
MPs varied largely in the winter and spring with 39 % (Dixie Landing site) to 81 % (Montgomery
site) for fibers and 19 % (Mongomery site) to 61 % (Dixie Landing site) in the winter (Fig. 2.5C)
and 35 % (Dixie Landing site) to 85 % (Wetumpka site) for fiber and 15 % (Wetumpka site) to 65

% (Dixie Landing site) for non-fiber MPs in the spring (Fig. 2.5D).
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Fig. 2.5. Percentage of microplastics in the Alabama River water (A: summer, B: fall, C: winter, D: spring. Data

shown in the columns are percentages of MP types).

2.4.4. Microplastic size distribution

Results of the size distribution analyses for 3156 MPs showed a slight difference in temporal and
spatial distributions. Among the four seasons, the MP size distribution pattern for each site in the
winter was the most similar with the distribution curves being close to each other. The distribution

curves for other seasons, especially for the spring, were more separated between sites (Fig. 2.6).
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Fig. 2.6: Cumulative frequency distribution of microplastic size by site (A: summer, B: fall, C: winter, D: spring).

Among the five sites, the MP size distribution for each season was more similar to each other at

the Montgomery and Selma sites (Figure A7). The distributions were more distant between seasons

at other sites (Figure A7). Results of the 10th, 50th, and 90th percentile calculations for the length

of MPs are shown in Table 2.1.

Table 2.1: Percentile of MP length (mm) for different seasons and sites in the Alabama River.

Season Site Percentile
50 1ot 9ot
Wetumpka 0.70 0.13 2.22
Summer Montgomery 0.67 0.11 2.30
(2023) Selma 036 0.08 1.81
Dixie Landing 0.40 0.16 2.14
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Mobile 025 0.08 1.34

Wetumpka 0.53 0.14 2.08

Montgomery 0.22 0.09 2.11

52%123) Selma 057 0.11 213
Dixie Landing 0.44 0.08 194

Mobile 0.66 0.16 2.49

Wetumpka 0.50 0.11 2.08

. Montgomery 0.56 0.12 2.67
g(‘)gt;)r Selma 042 0.2 175
Dixie Landing 042 0.15 2.63

Mobile 0.67 0.11 2.04

Wetumpka 0.94 0.16 2.48

) Montgomery 0.47 0.07 1.71
?21’5;‘;% Selma 034 010 152
Dixie Landing 0.88 0.35 2.46

Mobile 047 0.06 2.36

Summer All sites 0.38 0.08 1.81
Fall All sites 0.54 0.12 2.12
Winter All sites 0.52 0.11 2.09
Spring All sites 0.51 0.09 2.05
All seasons Wetumpka 0.60 0.13 2.22
All seasons Montgomery 0.52 0.10 2.06
All seasons Selma 0.40 0.09 1.80
All seasons Dixie Landing 0.49 0.12 2.25
All seasons Mobile 0.42 0.09 1.94
All seasons All sites 0.48 0.10 1.99

The 50th percentile data varied largely by site and season, ranging from the lowest value at the
Montgomery site in the summer (0.22 mm) to the highest value at the Wetumpka site in the spring
(0.94 mm, Table 2.1). The variation in MP length at the 10th percentile was less than that at the
50th percentile and ranged from 0.06 mm (Mobile site and spring) to 0.35 mm (Dixie Landing site
and spring). The 90th percentile data varied little compared to the 10th and 50th percentile data
with the range of 1.34 mm (Mobile site and summer) to 2.67 mm (Montgomery site and winter)

(Table 2.1). Overall, the 10th to 90th percentile size range was the smallest for the Mobile site in

the summer and the largest at the Montgomery site in the winter.
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When analyzing the data of all sites, summer had the lowest 50th percentile value (0.38 mm) with
the smallest 10th to 90th percentile size range, whereas those values were highest (0.54 mm) for
the fall (Table 2.1, Figure A8-A). Analysis of data for all seasons showed that the Selma site had
the lowest 50th percentile value (0.40 mm) and the lowest 10th to 90th percentile size range (Table
2.1, Figure A8-B). The 50th percentile value was highest at the Wetumpka site (0.60 mm) and the
highest 10th to 90th percentile size range was at the Dixie Landing site (Table 2.1, Figure A8-B).
When the data of all seasons and sites are pooled together, the 50th, 10th, and 90th percentile
values were 0.48 mm, 0.10 mm, and 1.99 mm, respectively (Table 2.1, Figure A8-C).

2.4.5. Microplastic transport on the Alabama River

Based on MP concentrations found in the present study and the water flowrates of the Alabama
River; billions of MPs were estimated to pass through the river each day (Table 2.2). Overall, MP
transport at the Wetumpka site was the lowest and highest at the Mobile site. The estimated daily
transport ranged from 310 to 9324, 251-1126, 263—-1629, and 606-2271 billion MPs/day in
summer, fall, winter, and spring, respectively. Those respective ranges of the seasonal average of
daily transport were 3667376, 273—-1240, 1068—4021, and 1055-7631 billion MPs/day. The total
number of MPs transport through the sampling sites in the summer, fall, winter, and spring ranged
from 33,633 to 677,800, 24,846-112,856, 97,213-365,880, and 90,331-702,053 billion,
respectively. In the study year, the total number of MPs transported through Wetumpka,
Montgomery, Dixie Landing, and Mobile sites were estimated at 246,074, 681,434, 387,040, and
1858,589 billion. The MP transport estimates for the Mobile site represent the daily load, total

loads per season and per year into Mobile Bay and the Gulf of America.
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Table 2.2: Estimated MP transport in the Alabama River at the sampling sites and on the sampling days.

Microplastic transport in the Alabama River Total MP Total MP
(billion MPs/day) transport in transport
Seasons Sites Sampling Seasonal Sqasonal Average a season in a year
day lowest hlghest seasgnal (billion (billion
daily daily daily MPs) MPs)
Wetumpka 310 211 645 366 33,633 N/A
Montgomery 1308 426 3217 1200 110,364 N/A
(S;(;‘Z‘g‘;er Selma NA NA NA NA NA NA
Dixie Landing 1282 562 4769 1501 138,088 N/A
Mobile 9324 1543 17,209 7367 677,800 N/A
Wetumpka 251 194 575 273 24,846 N/A
Montgomery 1126 439 2321 857 77,984 N/A
fza 5123) Selma NA NA NA NA NA NA
Dixie Landing 530 426 1519 601 54,685 N/A
Mobile 853 471 3507 1240 112,856 N/A
Wetumpka 263 227 6692 1069 97,264 N/A
' Montgomery 1604 337 10,297 2612 237,682 N/A
g(l);t;)r Selma NA NA NA NA NA NA
Dixie Landing 425 174 2880 1068 97,213 N/A
Mobile 1629 397 8120 4021 365,880 N/A
Wetumpka 606 280 7430 982 90,331 N/A
] Montgomery 2271 961 7207 2776 255,404 N/A
(sng ;‘;g) Selma NA NA NA NA NA NA
Dixie Landing 612 274 3150 1055 97,055 N/A
Mobile 8584 2867 12,823 7631 702,053 N/A
Wetumpka N/A N/A N/A N/A N/A 246,074
Montgomery N/A N/A N/A N/A N/A 681,434
Whole  gejmg N/A N/A N/A N/A N/A NA
' DixieLanding  N/A N/A N/A N/A N/A 387,040
Mobile N/A N/A N/A N/A N/A 1,858,589

NA: data are not available, N/A: not applicable.

2.4.6. Correlation analysis

Microplastic concentration and total MP transport at the sampling sites along the Alabama River
was significantly (p < 0.01) correlated with the water flow, watershed area, and human population
of the city of the sampling sites (Table 2.3). The total MP transport was highly correlated with
water flow (coefficient of 0.83) and watershed area (coefficient of 0.66). Concentration of MPs in
the water was strongly correlated with the watershed area (coefficient of 0.76). The correlations
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between human population and MP concentration (coefficient of 0.54), and human population and
total MP transport (coefficient of 0.49) were weaker than the correlations between watershed area
and total MP transport (coefficient of 0.66), watershed area and MP concentration (coefficient of

0.76), and watershed area and human population (coefficient of 0.72).

Table 2.3. Results of correlation analysis.

Total MP Microplastic Population Water flow  Watershed area
transport concentration

Total MP transport 1

Microplastic 0.81 1

concentration

Population 0.49 0.54 1

Water flow 0.83 0.38 0.41 1

Watershed area 0.66 0.76 0.72 0.43 1

Correlations were significant at p < 0.01.

2.4.7. Comparison of microplastics in the Alabama River with world rivers

Microplastic concentrations in the water of 25 rivers in the world were obtained from the literature
to compare with the MP concentrations in the Alabama River. The MP concentration of world
rivers ranged from 0.00002 to 649 MPs/L (Table A7). Data of all rivers including the Alabama
River were analyzed to determine the cumulative centile rank for each river. Results of the analysis
showed that the cumulative percentile for the Alabama River was from the 61st to 91st (Fig. 2.7).
These results indicate that the Alabama River had MP concentrations higher than MP

concentrations of 61 % world rivers but lower than MP concentrations of 9 % world rivers.
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Figure 2.7. Relative distribution of microplastic concentrations of world rivers.

2.5. Discussion

2.5.1. Spatial and temporal distribution of MPs and potential sources and transport

The present study found MPs in the Alabama River water at all sites and seasons. The
concentration ranged from 12 to 135 MPs/L (Table A4). Although these concentrations are within
the concentration range of world rivers, they are higher than the concentrations of 61 % rivers in
the world. These results suggest that the Alabama River is relatively contaminated with MPs.
Compared with the Los Angeles River of the USA and Yellow River of China, the Alabama River
is less contaminated with the percentile being lower than the percentile of those rivers (> 91 %,
Fig. 2.7). However, caution should be taken when comparing MP concentrations of world rivers.
Plankton net sampling method was commonly used for collecting samples for MP analyses
(Constant et al., 2020; Kurki-Fox et al., 2023; Mani et al., 2015b; Mani & Burkhardt-Holm, 2020;
Mohsen et al., 2023; Pan et al., 2020; Rico et al., 2023; Scherer et al., 2020; Schrank et al., 2022b;
Wong et al., 2020; Zhao et al., 2014). While plankton net sampling method allows collection of
samples in large water surface areas, which would be more representative, the mesh sizes are

usually large, such as 300 pm of commercial microplastic sampling net. Microplastics with smaller
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sizes than this mesh size can pass through the net and are not collected for analysis. A recent study
by Kurki-Fox et al. (2023) using the net sampling method with a mesh size of 335 um found
substantial loss of samples with sizes smaller than 335 um. In addition, the water volume passing
through the net, which is used to calculate MP concentration, might not be accurately measured.
The water volume passing through the net was calculated based on the speed of the sampling net.
The calculated water volume was a few folds higher than the actual volume passing through the
net because the net was clogged with suspended particles and algae that prevented water passing
through (author’s unpublished data). Moreover, fibers with lengths longer than the mesh can pass
through the mesh size used because fiber width is usually narrow. The results of analysis of the
fiber lengths in the below 38 um fraction samples showed that most fibers were greater than 0.5
mm (Figure A9). Fibers with lengths up to 5 mm were detected in this sample fraction. These fibers
would have been excluded if the net sampling method were used. Losing samples and
overestimating water volume will result in underestimation of MP concentration in water.

Considering concentrations of all MPs along the river, the concentration increased as water flows
from upstream (Wetumpka site) to downstream (Selma site) during the summer, fall, and spring
(Fig. 2.3). The increase in MP concentration at the downstream sites can be due to MP transport
from upstream to downstream and MP inputs from local sources at the downstream sites. However,
MP inputs from local sources at the Selma site (~ 160 km south of the Montgomery site) are not
expected to be substantial because Selma is a smaller city with less development and has a human
population of approximately ten times lower than the human population of Montgomery (Table
A3). Therefore, MP transport from upstream would be an important source of MPs at the Selma
site. However, if MPs continue to travel further downstream, MP concentrations at the Dixie

Landing site (~ 250 km south of Selma site) could have been higher than MP concentrations at the
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Selma site. The present study found that MP concentrations were two to four times lower at the
Dixie Landing site than at the Selma site (Fig. 2.3, Table A3). These results suggest that MPs in
the Alabama River water would have sedimented on their way traveling from the Selma to Dixie
Landing sites. The higher MP concentrations at the Mobile site than the Dixie Landing site suggest
that most MPs at the Mobile site would be from local sources. The changes in MP concentration
at these studied sites reveal an important finding that likely not all MPs can travel all the way from
upstream to downstream and to the ocean. The river bottom would be an important destination for
MPs. Therefore, estimation of MP loads into oceans from long rivers should focus more on local
sources that are not far away from the river mouth. Understanding the potential transport of MPs
from upstream to downstream is important for management to minimize MP loads into the ocean
from rivers. The consistent lower MP concentrations found at the Dixie Landing than other sites
in all seasons suggest that MPs at this site are less influenced by local sources and can be
considered as the base MP concentration in the Alabama River water that are associated with
permanent sources, such as from wastewater treatment plants in upstream and atmospheric
deposition. Microplastic release through the effluents of wastewater treatment plants have been
reported to be substantial (Acarer, 2023; Gkatzioura et al., 2021; Kay et al., 2018; Mintenig et al.,
2017; Ruan et al., 2019; Sadia et al., 2022) . Microplastics are also found in remote environments,
such as in the arctic environment, and are attributed to atmospheric deposition (Bergmann et al.,
2022; T. Hoang & Mitten, 2022; Illuminati et al., 2024; Zhao et al., 2014; Ziani et al., 2023).

Among the seasons, summer had the highest MP concentration, and the concentration was lowest
in winter regardless of site (Figs. 2.3, 2.4, Table A4). These results reflect a temporal variation of
MPs in the Alabama River water, which is believed to be related to non-point sources associating

with human’s outdoor activities that usually happen more in the summer than winter, such as
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fishing, swimming, and kayaking work. The significant positive correlations between MP
concentration in the Alabama River water and human population and watershed area (Table 2.3)
support the temporal variation of MP concentrations found in the present study. Findings of the
present study are also in agreement with a recent study in the USA by Kurki-Fox et al. (2023)
demonstrating correlations between MP concentrations in Neuse River water (North Carolina) and
human population and watershed areas. Studies in other parts of the world also found direct
correlations between MP abundance and human population and density (Jang et al., 2020; Mani et
al., 2015b; Nel et al., 2018; Tang et al., 2018).

Results of the size distribution analyses showed that although the distribution pattern did not
appear to be markedly different, the distribution values at the 10th, 50th, and 90th percentiles were
largely different by season at a specific site and by site in the same season (Table 2.1). For example,
the 50th percentiles of MP length at the Wetumpka site in the summer, fall, winter, and spring were
0.70 mm, 0.53 mm, 0.50 mm, and 0.94 mm, respectively. Those respective values at the Mobile
site were 0.25 mm, 0.66 mm, 0.67 mm, and 0.47 mm. These sizes reflect a difference by a factor
of more than two. The 50th percentile of MP length in the summer ranged from 0.25 mm (Mobile
site) to 0.70 mm (Wetumpka site). Those size ranges for the fall, winter, and spring were 0.22—
0.66 mm, 0.42—0.67 mm, and 0.34-0.94 mm, respectively. Overall, MPs in the summer (for all
sites) were found to have the smallest size with 80 % of MPs being between 0.08 and 1.81 mm in
length. The fall appeared to have larger MPs with 80 % MPs had sizes within the 0.12-2.12 mm
range. By location, Wetumpka site (for all seasons) had the largest MPs. The size range of 80 %
MPs was 0.13-2.22 mm. The respective size range was the lowest at the Selma site (0.40—1.80
mm). River wide, 80 % MPs found in the Alabama River water had sizes between 0.10 and 1.99

mm with 50 % MPs being less than 0.48 mm. The difference in MPs size by site would reflect
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different MP inputs from local point sources, while the difference by season would be attributed
to non-point sources associating with human’s outdoor activities. Understanding particle size of
MPs is vitally important for interpretation of their environmental impacts. Microplastics are not
expected to produce effects on living organisms if they are not ingested by organisms. Microplastic
ingestion is dependent on the relative size of MPs to organisms, specifically the size of the
organism’s mouth. The smaller MPs at the Selma site regardless of season and in the summer
across the sites along the Alabama River would be more bioavailable for ingestion by aquatic life
in the river than larger MPs in other seasons at other sites. According to Barrick et al. (2025), water
flea, Daphnia magna can ingest microfibers at lengths up to 350 um. The ingestion of two nylon
microfibers can result in up to 50 % lethality to D. magna (Barrick et al., 2025). Another study by
Barrick et al. (2024) also found that D. magna ingested environmentally realistic MPs at sizes up
to 118 um. Plastic microbeads at sizes of 63—75 pm have been reported to be ingested by D. magna
(Canniff & Hoang, 2018) and benthic organism (Hyalella azeteca) (Au et al., 2015). Larval fathead
minnows were found to ingest plastic microbeads at sizes up to 150 pm (Hoang & Felix-Kim,
2020) and 489 um (Malinich et al., 2018). Another study confirmed the ingestion of MPs ranging
between 0.4 and 2 mm by the mussel species Anodonta anatina and less than 41 um in Mytillus
galloprovincialis (Basaran Kankili¢ et al., 2023). In addition, MPs have been reported to be
transferred through the food chain in aquatic ecosystems copepods, crustaceans, decapod
crustaceans, mussels, amphipods, fishes, marine mammals, and seabirds (Elizalde-Velazquez et
al., 2020; Giindogdu et al., 2020; Koraltan et al., 2022; Ugwu et al., 2021). Detrimental effects of
MPs on aquatic organisms have been observed for multiple levels of biological organization such
as physical disruption of digestive tracts and physical abrasions, alterations to energetic reserves,

impacts on immune and endocrine systems, and changes sexual development and fecundity (Bai
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et al., 2021; Sharma & Chatterjee, 2017). Given that MPs in the Alabama River water are highly
abundant, there is a good chance that organisms within the river system ingest MPs, which may
influence their biological performance. Research to investigate MP ingestion and potential impacts
on living organisms in the Alabama River should be conducted to help assess ecological risks and
impacts of MPs in this important river system. Further research to determine local sources of MP
loads into the river is also needed.

2.5.2. Common MP shapes and polymers

Microplastic types found in the present study are similar to the MP types found in other parts of
the world. Fibers were the dominant plastic type in all seasons and at all sites, with a few
exceptions, for example at the Dixie Landing site in the summer, winter, and spring and the Mobile
site in the summer. Their wide range of applications, especially in textile products, made them
dominant over the non-fiber MPs. This finding is in agreement with the results of other MP studies
conducted on river systems in different regions of the world (Shruti et al., 2021; Tan et al., 2022;
Yin et al., 2022).

A total of 19 different polymer types were found in the Alabama River water samples. Among
those, PET, PP, PE, PVC, PMP, PBT, ABS, and nylon were most often found, ranging between
5.7-44.7 %, 2.4-33.3 %, 1.7-15.3 %, 0.7-34.7 %, 9.5-26.7 %, 2.9-22.2 %, 1.4-14.4 %, and 0.5—
16.8 %, respectively. Polymers, such as PET, PP, and PE were reported to be the dominant
polymers in rivers due to their extensive applications in different industrial products (Apetogbor
etal., 2023; Qian et al., 2023). The present study also found three of these polymers to be dominant
in the Alabama River. Polyethylene terephthalate is commonly used in the manufacturing of daily-
use items, such as clothes, carpets, water bottles, and synthetic fibers. Its application in synthetic

fiber production is reported to be as high as 60 % by volume (Radzi et al., 2021). Polyethylene
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terephthalate fibers can be released from washing different fibrous materials, such as carpets and
clothing (Dalla Fontana et al., 2020; Talukdar et al., 2024). Similarly, nylon is used for producing
items that have good flexibility and strength (common examples include textile products, airbags,
fishing lines, and seatbelts) (Dalla Fontana et al., 2020). Like these two polymers, PE is also widely
used polymer for manufacturing bags, pipes, agricultural mulches, fishing gear etc. Xia et al.
(2021) reported that PP is extensively used in food packaging, the manufacturing of fishing gears,
and the agricultural sector due to its lightweight and stable properties.

2.5.3. Microplastic transport and load into Mobile Bay and Gulf of America

The present study did a first look into MP loads into Mobile Bay from the Alabama River.
Microplastic passing at Mobile site is considered as MP loads into Mobile Bay. Various load rates
were estimated including daily load, seasonal lowest daily load, seasonal highest daily load,
seasonal average daily load, and total loads in a season and year. The study estimated hundreds of
billions to trillions of MPs loading into Mobile Bay per day. The loading rates are related to MP
concentrations and water discharge rate at the river mouth, which is dependent on rainfall. Overall,
the loading rates were higher in the summer (9324 billion MPs/day) and spring (8584 billion
MPs/day) than in the fall (853 billion MPs/day) and the winter (1629 billion MPs/day) (Table 2.2).
In a year, the total number of MPs entering Mobile Bay from the Alabama River was estimated at
1858,589 billion. The water volume of Mobile Bay is approximately 3.2 x 1012 L. These
calculations can result in an approximate addition of MPs into Mobile Bay per year at 581 MPs/L.
This estimation was for MPs from the Alabama River only. Microplastic discards from local
sources along the shorelines and other tributaries of the Bay are expected to be substantial as the
present study demonstrates that MPs entering aquatic environments from local sources are more

important than from transport far away from upstream. Therefore, MPs loading into Mobile Bay
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are expected to be higher than the estimation of the present study. Data for MP concentration in
Mobile Bay water is not available, but MPs in sandy sediment along the coastlines of Mobile Bay
were reported to be abundant (Wessel et al., 2016). Once entering the bay, MPs can sink to the bay
bottom and flow out to the Gulf of America. These pathways of MPs can result in decreasing their
water concentration. Regardless, based on the results of the present study, MP concentration in
Mobile Bay water is not expected to be low. It is also necessary to mention that the MP load
estimates in the present study were based on the MP concentrations measured at a branche of
Mobile River while the river drains water into Mobile Bay via branches. The estimations assumed
that MP concentrations in all branches were the same. More research to determine MP
concentration of all branches would provide more accurate estimation of MP loads into Mobile
Bay. Mobile Bay is one of the four largest estuarine systems in the Gulf of America and the home
of many aquatic species and has been known to be one of the most biodiverse estuaries in the US.
Understanding MP contamination status and their potential impact on aquatic life is vitally
important. More research to determine MPs in Mobile Bay and potential impacts is therefore
necessary.

2.6. Conclusions and suggestions

The present study is one of the first attempts to investigate the MP contamination in the Alabama
River. The study was designed to discover the temporal and spatial variation of MP concentration,
size, sources, and transport and loads into Mobile Bay that allowed interpretation of potential
exposure, ingestion, and impacts on living organisms. Microplastics with different types, shapes,
sizes, colors were found. Microplastic concentration and size in the Alabama River temporally and
spatially varied and comparable with MP concentrations in world polluted rivers. Microplastic

concentrations were found to directly correlate with local point and non-point sources that are
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associated with human activities and watershed areas. Spatial comparison of MP concentrations
among the studied sites along the river revealed an important finding that MPs in the Alabama
River water likely did not travel for long distances along the river and mostly sedimented on the
way flowing downstream from upstream. Regardless, MP loads into Mobile Bay from the Alabama
River is a concern. Analyses of size distribution indicated that over 90 % of MPs in the Alabama
River had particle sizes within a size range that can be ingested by many small sensitive aquatic
species. The high abundance with suitable size range of MPs for uptake poses potential risks of
MP exposure, ingestion, and impacts on aquatic life. However, more monitoring and ecotoxicology
research to study MPs contamination in the river system including the estuarine system of Mobile
Bay and potential impacts of MPs on aquatic organisms in these import aquatic systems are needed.
Understanding the MP contamination sources and effects will help us develop suitable
management plans to minimize their impact on the environment to support ecosystem functioning
and sustainable development.
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Appendix A

Table A1. Water quality and chemistry of the Alabama River from summer 2023 to spring 2024.

Water quality parameters

Seasons Sites

Hardness  Alkalinity  Salinity = Conductivity Ca Mg K Na

Wetumpka 57 68 0.1 157.18 15,491 5095 919 5458
Montgomery 52 47 0.1 128.49 11,127 3774 913 4602
(S;(;‘Z‘ger Selma 52 52 0.1 165.04 13,046 3142 1027 8394
Dixie Landing 44 47 0.1 183.60 12,729 2943 1057 9335

Mobile 36 44 0.1 308.21 11,893 1565 1057 8973
Wetumpka 77 81 0.1 171.70 27,902 15,954 2770 102’89

Fall Montgomery 37 51 0.1 100.57 8823 3358 937 5070
(2023)  Selma 56 103 0.1 171.83 12,994 4391 1408 12,865
Dixie Landing 55 101 0.1 184.07 13,997 3977 2110 17,579

Mobile NA 104 4.71 7911.11 149,501 170,785 4481  NA
Wetumpka 75 85 0.1 134.03 14,791 5283 1466  NA

. Montgomery 65 92 0.1 103.84 12,781 4483 1551  NA
g(l)‘;;)r Selma 64 107 0.1 114.62 13,894 4314 1947 NA
Dixie Landing 55 71 0.1 119.64 13,215 3623 2073 NA

Mobile NA 103 8.3 11,246.33 104,837 221,084 4228  NA
Wetumpka 44 59 0.1 91.51 NA NA NA NA

. Montgomery 51 51 0.1 88.89 NA NA NA NA
5‘21’5% Selma 63 67 0.1 117.73 NA NA NA NA
Dixie Landing 49 43 0.1 123.24 NA NA NA NA

Mobile NA 77 0.1 115.03 NA NA NA NA

NA: data are not available
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Table A2: Estimated average water discharges of the Alabama River (billion L/day).

Seasons  Sites Sampling day ~ Seasonal lowest ~ Seasonal highest ~ Seasonal average
Wetumpka 7.21 4.90 15.01 8.50
Montgomery 32.71 10.66 80.43 29.99

Summer

(2023) Selma NA NA NA NA
Dixie Landing 41.34 18.12 153.84 48.42
Mobile 69.58 11.51 128.43 54.98
Wetumpka 597 4.63 13.69 6.50
Montgomery 22.53 8.78 46.42 17.14

Fall

(2023) Selma NA NA NA NA
Dixie Landing 21.20 17.04 60.74 24.04
Mobile 12.93 7.13 53.14 18.79
Wetumpka 5.48 4.74 139.41 22.27
Montgomery 43.34 9.11 278.30 70.59

Winter

(2023) Selma NA NA NA NA
Dixie Landing 38.62 15.82 261.83 97.12
Mobile 35.41 8.63 176.52 87.41
Wetumpka 13.17 6.08 161.51 21.34
Montgomery 39.84 16.86 126.43 48.70

Spring geima NA NA NA NA

(2024)

Dixie Landing 50.99 22.80 262.53 87.91
Mobile 114.45 38.23 170.97 101.75
Data were from the USGS online database at https://waterdata.usgs.gov/nwis NA: data are not available
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Table A3. Microplastic count, concentration, population, water flow, watershed area of the Alabama River watershed.

Seasons  Locations MP MPs Population Flow (billion Watershezd MRS/
Count /L L/day) Area (km*) capita

Wetumpka 31022 43 7218 7214,440,108 26,159 0.04
Summer Montgomery 1308.45 40 193,702 32,711,292,083 38,988 0.01
(2023)  Dixie Landing ~ 1281.59 31 199 41,341,555,208 361 6.44
Mobile 9323.57 134 181,253 69,578,915,625 113,040 0.05
Wetumpka 250.86 42 7218 5,972,904,546 26,159 0.03

Fall Montgomery 1126.46 50 193,702 22,529,187,440 38,988 0.01
(2023)  Dixie Landing ~ 529.92 25 199 21,196,627,708 361 2.66
Mobile 853.10 66 181,253 12,925,813,590 113,040  0.005
Wetumpka 26292 48 7218 5,477,400,610 26,159 0.04

Winter ~ Montgomery 1603.67 37 193,702  43,342,487,500 38,988 0.01
(2023)  Dixie Landing ~ 424.81 11 199 38,619,267,708 361 2.13
Mobile 1628.71 46 181,253 35,406,815,521 113,040 0.01
Wetumpka 606.00 46 7218 13,174,002,637 26,159 0.08

Spring  Montgomery 227073 57 193,702 39,837,414,896 38,988 0.01
(2024)  Dixie Landing ~ 611.87 12 199 50,989,362,500 361 3.07
Mobile 8584.00 75 181,253 114,453,327,083 113,040 0.05
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Table A4. Size and concentrations of MPs in the Alabama River water from summer 2023 to spring 2024.

Fibers Non-fibers Non-fibers All MPs by Fibers by Non-Fibers All MPs Fibers by .Non-
- (Area, . . Fibers by
(Length, mm) (Size, mm) mm?) layer layer by layer by site site site
Seasons Location Layer Ave Ave Ave
Range V&' Range  Lemgth  Widh V& T MPLE  MPsUL®  MPSILE \pir o MpgL+  MPSL+
Sdev Sdev Sdev Sdev Sdev
Sdev Sdev Sdev
032— 120+ 375+
* — =
Background - 5 ND ND ND N/A N/A N/A N/A 2 N/A N/A
045— 130+ 0040—  039—  009— 0040+
Top 3.00 070 0.040 0.43 0.10 0.000 2743.46 25+4.20 2£1.20
. 0.12— 108+ 0005— 007— 004— 0013+
Wetumpka  Middle oo o GO0 o as 008 66+4.35 4743.20 194120  47+2.10  34+200 13+4.00
029— 146+ 0001—  004—  004— 0050+
Bottom 309 900 0.150 0.98 0.64 0.050 4712.10 30+1.70 1743.80
020— 148+ 0005—  007—  008—  0.157+
Top 3.10 082 0.050 0.59 0.40 0.500 S0+11.70 3416.50 1645.90
. 027— 087+ 0004— 007—  006—  0.029+ 47+
Montgomery  Middle 51 oo U e o e 43+5.70 30+4.00 13+4.00 Son 30930 174920
038— 160+ 0005— 007— 007— 0039+
Bottom "5 110 0.100 1.00 0.64 0.040 471740 2614.50 2113.60
Summer 016— 117+ 0003—  004—  005— 0027+
(2023) Top 438 090 0100  0.53 0.49 0.030 152+4.50 834470 6911.70
. 0.10- 120+ 0002— 004—  005— 0021+ 126 + 67+ 59+
Selma Middle 7 5, 100 0.200 1.16 034 0.030 14542540 75£11.50  70£14.60 4020 16.40 2430
030— 130+ 0003— 005— 005— 0290+
Botom ;0 10 O o0 o 0 81+17.10  43+9.60 38+8.10
021— 134+ 000l— 004— 010— 0035+
Dixie Top 335 081 0140 026 0.29 0.020 3x14 15+400  15+£12.00 31+ 154400 16+
Landing Middle  NM NM NM NM NM NM NM NM NM 14.00 t4 12.00
Bottom  NM NM NM NM NM NM NM NM NM
020— 120+ 0002—  004—  006— 0040+
Top e e o e e 12142060  57+4.60  64+16.40
, , 0.17— 115+ 0002—  002—  004—  0.060+ 135+ 52+ 83+
Mobile Middle 7 o4 110 0.800 1.10 0.40 0.110 13941330 45+4.40 94+9.00 42.00 17.50 25.70
028— 116+ 0001— 003— 003—  0.040+
Botom U o O e Py 050 144+1470  55+9.70 89+6.50
071— 091+ 1.00 +
* T x
Background s T ND ND ND N/A N/A N/A N/A ot N/A N/A
034— 132+ 0005—  010—  006— 0054+
Top 435 109 0205 0.57 0.25 0.054 3314.60 21£1.70 1243.00
, 0.18— 087+ 0004— 007— 0.10- 0048+
Fall Wetumpka  Middle 0 OolE OO0 s e 040 57+4.40 39+3.00 184200  42+600 29+3.00  13+5.00
(2023) 034— 151+ 0014—  0.10—  0.14— 0044+
Bottom " 5¢ 120 0.074 039 0.30 0.023 35+1.50 2513.80 72250
016— 153+ 0003—  004—  005— 0029+ a7+
Montgomery ~ Top s o B o] e 030 63+4.40 35+2.10 28+6.40 a0 30920 174930
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. 029— 120+ 0009— 005— 006— 0072+
Middle 5, 118 0.348 0.53 0.87 0.075 >045.10 28+4.90 22+6.70
0.15— 108+ 0005— 007— 007— 0059+
Bottom 75 5, 092 0025 0.68 0.68 0.064 3619.20 29+6.80 74250
0.10— 125+ 0007—  004— 005— 0030+
Top 497 119 0055 079 051 0.031 61£7.50  26+1.50  35+6.00
. 028— 130+ 0011— 006— 007— 0052+ 65+ 23+
Selma Middle 500 087 0044 096 127 0.035 74850 5349.10 2143.50 1400  E90Hoo
024— 109+ 0038— 006— 006— 0079+
Bottom 75 s¢ 070 0218 1.04 274 0.056 3943.50 4710.60 1243.00
- Top 020 131x 0003-  0.04-  0.04- 00075 oo T T T T
Dixie 410 093 0.149 0.72 0.45 0.031 51800 165500 94400
Landing Middle  NM NM NM NM NM NM NM NM NM +3. 5. +4.
Bottom  NM NM NM NM NM NM NM NM NM
0.19— 148+ 0005—  011— 019— 0054+
Top 487 105 0205 0.25 037 0.054 80+1400  75:16.10 >12.10
. . 042— 120+ 0005— 008— 006—  0.048+ 66+ 49+ 17+
Mobile Middle "5 7 084 0233 0.78 0.72 0.053 4313.00 26+3.80 1716.40 22.00 17.00 14.00
027— 126+ 0007— 007—  006— 0071+
Botom 20 o e el e 75+7.80 4742.10 28+8.70
Background ND ND ND ND ND N/A N/A N/A N/A N/A N/A N/A
0.12— 119+ 0006—  006—  0.10— 0039+
Top 462 104 0075 033 0.50 0.020 66+6.30 471+4.20 19432
. 008— 132+ 0001— 004—  005— 0046+
Wetumpka  Middle  3ec oo oios s e 05 50+1.20 30+1.70 20415 48+800 34+600 14+4.00
021— 093+ 0005— 009—  005—  0.044+
Bottom 73 ¢ 090 0.098 021 0.75 0.033 27x1.70 2312.10 410.6
028— 108+ 0005—  003—  007— 0025+
Top 3.06 0.85 0.09 033 0.30 0.028 2041.50 2040.60 9+1.00
, 021— 124+ 0007— 009—  006— 0051+
Montgomery ~ Middle 'y 2 S s s s 58+1.20 48+1.70 1040.60  37+500 304500  7+1
027- 129+ 0012—  005— 011— 0024+
Botom ;)¢ e e o Yih 25+4.90 23+4.60 2+0.60
. 0.19- 103+ 0026— 016— 016— 0081+
g(‘)‘;t;)r Top 3.68 083  0.168 0.43 039 0.076 34+5.00 3115.00 310.00
, 0.19— 107+ 0004— 005- 006— 0078+ a2+ 28+
Selma Middle 7 § 102 0352 0.28 0.20 0.077 4713.80 2142.70 2621.50 10.00 12.00 1443
024— 115+ 0012—  009—  009— 0073+
Botom U7t N 002 s s e 45+5.30 31+8.70 14+3.50
N Top 025— 126+ 0010— 008— 003— 0068+ 31400 72300 643,00
Dixie 302 091 0230 0.59 0.71 0.058 34400 74300 64300
Landing Middle  NM NM NM NM NM NM NM NM NM t4. 3. 3.
Botom  NM NM NM NM NM NM NM NM NM
031— 136+ 0010—  009—  010— 0048+
Top 401 096 0274 036 0.10 0.066 4612.10 2611.20 20+1.50
, , 036— 136+ 0005- 006— 010- 0031+ 46 + 36+
Mobile Middle  Op0 105 GO0 s s Y 47+8.30 44+9.10 3+1.00 W 20 10+3.00
048— 127+ 0010-  004—  005— 0045+
Botom Uyl GO s e g 45+4.40 374+2.10 8+2.50
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Background ND ND ND ND ND NA N/A N/A N/A N/A N/A N/A
P T

- - SO A E P
om0 E OSC B O OB gus wew s
To G0 Tk G0 0w os1 o 6700 39:00 274360

Montgomery  Middle 0~ U 0008 e 0030085 008k 654590 514660 144350 574900 41+300  16+7.00
om0 O W b man o

SRR R R B

Selma Migdle 3o LI0E Q0RO 0N 00N 724520 484530  24+1.00 o T 234400
oon 0% O 0L OEL O W o waw s

bixie Top 05320’ 1(')1.775 06(.)3307 009 032 0.030 124100 114100  1+1.00 i et eve

Landing Middle NM ~ NM  NM NM NM NM NM NM NM t1 t1 t1
Botom NM____NM____ NM NM NM NM NM NM NM
T N

Mobile Middle Ofgéo’ 1'1‘.‘30)5 06(.)(())207 069262’ 06(.)2317 0(')%85 67+2.10 46+6.50 21+4.60 1785 oio 2532.0i0 23 +7.00
om0l 5 G SO0 WR: g waw o

ND: not detected, N/A: not applicable, NM: not measured, *Background microplastic concentrations are in MPs/filter
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Table AS. Percentage of polymer types for microplastics in the Alabama River water from summer 2023 to spring 2024.

Poly. Summer (2023) Fall (2023) Winter (2023) Spring (2024) Avg + Range
Wet. Mont. Sel. Dix. Mob. Wet. Mont. Sel. Dix. Mob. Wet. Mont. Sel. Dix. Mob. Wet. Mont. Sel. Dix. Mob. Std.
ABS 14 10 8.1 8.4 3.7 14 10 8.1 7.6 3.7 75 144 9.5 2.2 2.9 2.2 6.9 47 11.1 104 6.7 + 14—
3.7 14.4
PET 44.7 16.1 237 12.8 385 447 16.1 237 44 385 139 11.8 86 158 57 15.3 18.9 15 139 122 21.7 + 57—
12.8 447
PBT - 15.5 7.1 9.4 11.2 - 15.5 7.1 2.9 112 149 222 131 116 182 153 16 5.6 8.3 11.3 12.0 + 29—
4.8 22.2
Nylon 1 55 22 2.6 0.5 1 55 2.2 1 0.5 34 - 0.7 163 1.9 16.8 4 5.6 9.5 45+5 0.5-
16.8
PMMA 1 1.2 - - 0.5 1 1.2 - - 0.5 33 0.9 2.1 7.2 4.2 - 0.6 14 - - 1.9 + 0.5-
1.9 7.2
PPS - - - 0.9 - - - - - - - - - 4.2 - - - - - 2.6 + 0.9 -
2.3 4.2
PP 9.8 12.4 14 24 7.6 9.8 12.4 14 2.9 7.6 9.6 14.9 87 219 123 182 194 225 333 226 13.8 + 24—
7.5 333
PVC 159 142 154 9 8.1 15.9 142 154 148 8.1 14.5 7 347 11.1  16.8 0.7 6.9 13.1 83 32 124+7 0.7 -
34.7
PMP 15.7 132 167 256 107 157 132 167 95 10.7 10 18.1 15 97 267 139 194 254 167 195 16.1 + 95—
52 26.7
PS 3.7 1 3.6 5 5.6 3.7 1 3.6 2 5.6 6.6 2.7 0.7 - - 44 3.4 33 - 6.3 3.7+ 0.7 -
1.8 6.6
PC - 1.6 - 2.6 0.4 - 1.6 - - 0.4 - 0.9 0.7 - - - - - - 1.2 + 04—
0.8 2.6
PE - 2 29 153 46 - 2 29 135 46 5.7 - 2 - 2.5 9.5 1.7 7 2.8 5 53+ 1.7 -
42 153
EVA 0.8 0.7 23 5.1 0.5 0.8 0.7 2.3 - 0.5 - - 1.8 - 2.3 - - 0.5 - - 1.5+ 0.5-
14 5.1
Lanoline - 0.5 1.1 - - - 0.5 1.1 - - - - 1.1 - - - - 0.5 - - 0.8+ 05—
0.3 1.1
POM 53 35 0.9 - 2.1 53 3.5 0.9 - 2.1 3.7 43 14 - 6.5 1.5 2.9 0.9 - - 3.0+ 0.9 -
1.8 6.5
PU - - - - 52 - - - - 52 - - - - - 1.5 - - - 3.6+ 0.9 -
22 6.2
PETG - - - - - - - - - - 0.6 - - - - - - - - 0.6+0 0.6—
0.6
PCTFE 0.8 - - - - - - - - - - - - - - - - - - 0.8+0 0.8 -
0.8
LLDPE - 0.9 - 0.4 - 0.9 1 0.4 - - - - - 0.7 - - - 0.7+ 0.4 -
0.3 1.0
FEP - 1.7 2 - 0.5 - 1.7 2 1 0.5 - - - - - - - - - 1.3+ 05—
0.7 2.0

ABS: acrylonitrile butadiene styrene, PE: polyethylene, PET: polyethylene terephthalate, PBT: polybutylene terephthalate, PMMA: polymethyl methacrylate, PPS:

polyphenylene sulfide, PP: polypropylene, PVC: polyvinyl chloride, PMP: polymethyl pentene, PS: polystyrene, PC: polycarbonate, EVA: ethylene vinyl acetate ,

&3



POM: polyoxymethylene, PU: polyurethane, PETG: polyethylene terephthalate glycol, FEP: fluorinated ethylene propylene, PCTFE: polychlorotrifluoroethylene,

and LLDPE: linear low density polyethylene.
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Table A6: Results of recovery of QC samples.

Before digestion  Size range After digestion  Size range Recovery

Material  Replicates  (#MPs/filter) (mm or mm?)  (#MPs/filter) (mmormm?) (%)
Cups 1 13 0.0001-0.007 21 0.0001-0.009

2 11 0.0001-0.01 8 0.0003-0.006

3 26 0.0002-0.012 12 0.0001-0.008

4 13 0.0004-0.005 12 0.0001-0.005

5 23 0.0002-0.007 25 0.0001-0.01

6 35 0.0001-0.08 57 0.0001-0.06
Average 20 23 112
Standard
deviation 9 18
Nylon 1 81 0.06-0.98 66 0.05-1.05

2 46 0.06-0.93 52 0.02-1.5

3 53 0.08-1.56 30 0.03-1.4

4 78 0.05-1.53 110 0.07-4.37

5 55 0.08-1.43 103 0.09-1.92

6 138 0.05-1.33 32 0.09-1.73
Average 75 66 87
Standard
deviation 34 35
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Table A7: Microplastic concentrations in world rivers.

Rivers Country Saérelgﬁlng Sampling method Extraction method Identification method MPs/L References
Alabama River USA 0-3m from PVC pipe sampler Sieved through Smm and Stereomicroscope/ FTIR 12
. surface of 38um sieves. Fraction less microscope
Alabama River USA water. than 38um was filtered on the 13
Alabama River USA filter paper. Greater than 25
. 38um fraction was oxidized at
Alabama River RS 60°C for 24hrs using H202 31
Alabama River USA (30%). After digestion the 37
. remaining solution was
Alabama River USA diluted 3x and filtered on the 42
Alabama River USA filter paper. 42
Alabama River USA 46
Alabama River USA 46
Long Beach Harbor  USA Surface 20L grab samples Sieved through 500, 124, 63, Light microscope (40%-100% total ~ 113.627
. water collected with a and 20pm sieves; filtered onto magnification; Olympus CX41) (Wiggin &
Los Angeles River  USA samples. portable peristaltic a 3um polycarbonate filter; with Dyna Lite 150 (an external 641.292 Holland,
San Gabricl River USA water pump. 16hr oxidation Ehrough H202 light sou.rce). Fluorescent 63.359 2019)
at 50°C. microscope.
Yangtze River China 0-50cm Steel sampler. Sieved through 48um stainless ~ Stereomicroscope (SMZ25, Nikon, (020
] ) from steel sieve; 24hrs oxidation Japan)/
Yangtze River China surface of using KOH:NaClO (1:1) micro-Raman spectrometer 2.580 (W. Yuan et
water. solution (30%); digested (DXR2, ThermoFisher Scientific, al., 2022)
Yangtze River China samples were filtered on a USA) 1.270
0.45pm Whatman filter paper.
Surface Manta net Sieved through 5, 1, and FTIR spectroscopy; software
water (rectangular 300um sieves; stored at 5°C; Resolutions pro (Molecular
samples. opening of 60cm x organic matter was removed Spectroscopy Solutions FTIR,
18cm, 300pum by treating first with 0.25% Version 4.0, Bio-Rad, Cambridge,
mesh) sodium dodecyl sulfate MA, USA) was used.
(stirred at 450 rotations/min;
10 min; incubated at 70°C (Mani et al
Rhine River Germany overnight). Samples cooled to 0.005 2015a) "

40°C and incubated with 0.5%
each of Biozym F (lipase) and
SE (3 days; 37°C). 24hr
oxidation through H20> at
37°C; density separation (23%
NaCl/water; density 1.16 g
cm).
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Manta Trawl
(60x18cm) with a
0.3mm mesh,
removable cod end
(5Gyres, Los

Wet sieved through 0.3, 1 and
Smm sieves (0.3—1 mm, 1-
5 mm and >5 mm. The 1-

5 mm and >5 mm fractions
suspended in ~40% EtOH and

stereomicroscope with LED super-
lighting (Olympus SZ61, Tokyo,
Japan)/ attenuated total reflection
Fourier transform infrared
spectroscope (ATR-FTIR).

Rhine River Germany Angeles, CA, USA) stored in glags jars. The 0.3— 0.006 B(lll\flj}rllzlarﬁct-
and mechanical 1 mm fraction underwent Holm, 2020)
flowmeter at the castor oil separation i
aperture centre
(model 438 110;
HYDRO-BIOS,
Kiel, Germany).
15cm Manta trawl Sieved through 500um sieve; stereomicroscope (Leica M50,
surface (opening of 30 x enzymatic-oxidative Leica Microsystems GmbH,
water. 15cm and a net with purification; wet peroxide Germany) with Olympus DP26, 5 (Schrank et
Rhine River Germany a mesh size of oxidation (Fenton protocol), Megapixel camera and CellSens 0.0059 al., 2022a)
300pum) and density separation. Dimension (Olympus Corporation, "
Japan) software/ (ATR)-FTIR
spectroscopy.
15cm Manta trawl Sieved through 500um sieve; stereomicroscope (Leica M50,
surface (opening of 30 x enzymatic-oxidative Leica Microsystems GmbH,
water. 15cm and a net with purification; wet peroxide Germany) with Olympus DP26, 5 (Schrank et
Danube River Germany a mesh size of oxidation (Fenton protocol), Megapixel camera and CellSens 0.0487 al., 2022b)
300pum) and density separation. Dimension (Olympus Corporation, "
Japan) software/ (ATR)-FTIR
spectroscopy.
Surface Plankton net Material on filter was rinsed Nikon SMZ 745T
Amazon River Brazil water (55um) with reverse osmosis (RO) stereomicroscope at 20—-50x 0.008
samples. water and left to settle magnification/FTIR.
Amazon River Brazil overnight. Overlying water 0.039
o ) was filtered onto a Whatman
Tapajos River Brazil (pore size 0.7 pm) filter paper. 0.011 )
Tapajos River Brazil The sedimented material was 0.016 (nggze;)al.,
. . passed through a 53pum sieve.
Negro River Brazil Material retained in the sieve 0.005
Negro River Brazil was oxidized using H202 30% 0.152
(e}
Tocantins River Brazil (V/\.]) at40°C a t 100rpm. 0.050
Density separation was done
Tocantins River Brazil using NaCl. 0.126
. . 0-30 cm Stainless steel 50 mL water centrifuged at Optical electron microscope
Yellow River China from bucket 3000r/min for Smin. Density (CX31, OLYMPUS, 430.000 H |
surface floatation using NaCl solution Philippines)/scanning electron ( ;gzet(t))a ”
Yellow River China was used to extract microscope (Quanta 250, 211.670

microplastic from the residue.

Fédération Equestre Internationale,
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Supernatant was sieved
through 50, 100, 200 and
500um sieves. 12hrs oxidation
was done using H202 (30%)
and filtered on 0.45um glass
cellulose fiber membrane
filter.

USA). ATR-FTIR (IS50, Thermo

Fisher Scientific, USA).

Yellow River China 0 —50cm Stainless steel Water: Filtered on 10pm Agilent Laser Infrared 8700LDIR  436.670
. . from the drums stainless-steel filters; 24hrs (Agilent Technologies, Inc.)
Yellow River China river Stainless steel oxidation with 30% H202; coupled with Clarity software. 649.170
surface. shovel density flotation using
Surface potassium formate solution
sediment and the flotation device.
and soil Soil and sediment: Air-dried; .
samples (0 sieved through Smm sieve, (Qian et al,
. . —5cm) 24hrs oxidation with 30% 2023)
Yellow River China Ha0»: frozen dried in Freeze 542.000
dryers (Alpha 1-2 LD plus,
Christ company); density
flotation using potassium
formate solution and the
flotation device.
20-30 cm Manta trawl net. The water was sieved through ~ Light microscope (Ash Inspex 1I);
from 90 and 2000um sieves and 60x magnification/ATR-FTIR.
surface evaporated at 105°C, sediment
was weighed and expressed as
g/m?. Samples with high
Tisza River Central Europe sediment content were 0.035 (I;;Io};%ezr;t
subjected to density separation ”
(ZnCly). 48hrs oxidation by
H202 (30%) was done. The
samples were washed into
glass Petri dishes and dried.
Surface of Submersible pump  Filtrate transferred to an  Stereomicroscopes (Leica MZ6 or
water and stainless-steel ~ Erlenmeyer feeding bottle; MZ7.5) with up to 40x and 50%
filters (300 pm). density separation using NaCl magnification. Macroscope with up
followed by 24hrs settling; to 80% magnification (MZM 1, (Biingener et
Oker River Germany oxidation using H202 (30%) ASKANIA Mikroskop Technik 0.063 al g202 4)
and H2SOs (97%). Samples Rathenow), FTIR spectroscope; ?
were sieved through 1mm and software: OPUS Version 7.2.
200um copper- or stainless-
steel sieve.
Yangtze River China Im depth 12 V DC Teflon Samples stored in 50 mL glass Dissecting microscope (80x). 10.200 (Zhao et al.
Van . . from pump 2014) ’
gtze River China 0.500
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surface of

Bottles; oxidized by H202

Yangtze River China water. (30%); density floatation 4.137
using ZnCl,.
Zhangjiang River China Surface of 10L steel bucket Fractional filtration (mesh size microscopic evaluation/Raman 0.050
. . . water. Manta net (mesh 5 and 0.3mm); oxidation using spectroscope. (P ¢ al
Zhangjiang River  China size 330pm) and H,02 (30%) and FeSO4 0.246 Sooon”
Zhangjiang River China stored %n 1L glass (Q.OS M); density separatipn 0.725 )
jars. using saturated NaCl solution.
Pearl River China Samples were filtered through Stereo light 0.379
. . a 20um membrane filter; microscope (OLYMPUS SZX10,
Pearl River China i ) residues transferred to a Tokyo, Japan); images taken with a 2724
1000mL conical flask; H>2O> digital camera (OLYMPUS DPS80,
(30%) was added for Tokyo, Japan); size analysis using (Lin et al
oxidation in an incubator Image J software (1.46r, National 2018) ?
Pearl River China shaker at 65°C and 80rpm Institutes of Health, USA). u-FTIR 7904
(24hrs); density separation (Nicolet iN 10, Thermo Fisher,
using NaCl (24hrs); filtered USA) coupled with MCT detector.
through a Spm membrane
filter.
Semenyih River Malaysia Surface of Plastic cylinder Samples sieved through 53um  Stereo microscope (Nikon 3 120
o . water and (0.5m dia.; 1m tall). stainless steel sieve; 30min SMZ1500)/hot needle test.
Semenyih River Malaysia riverbed. oxidation using H202 (30%) 4.390 (Chen et al
Semenyih River Malaysia and iron (1) sulphate (0.05 M) 45.860 2023) v
at 60°C. Filtered on 0.7um
Semenyih River Malaysia Whatman filter; oven dried 90.000
(24h) at 60°C.
Water: 45 Sediments: Ekman Sediments: Wet sediments Light binocular microscope
cm from the  grab sampler with dried at 100°C (48hrs); (OPTIKA series B-383FL)/Bruker
surface of shovels. density separation using NaCl Senterra Raman Spectrometer.
water. Water: grab sample (30%) with 2min stirring.
. . . in 1 L glass Floating material in the (Alam et al.,
Ciwalengke River Indonesia container. supernatant was filtered on 3850 2019)
Whatman filter (1.2pum) paper.
Water samples: 500mL water
filtered on a Whatman filter
(1.2pm) paper.
Elbe River Czech Surface of Apstein plankton Water samples: oxidation Stereo  microscope  (Keyence ().00557
. water. net (opening: using 5-15 mL ofa 1:1 VHX2000) with a digital camera
Elbe River Czech 0.022m2, @ 17cm, mixture of potassium (JVC,KY-F75U, imaging software: 0.00088
length: 110cm, hydroxide (10 M) solution and  Discus, version 4.80.8238)/ ATR- (Scherer et
mesh size: 150pm) H202 (30%); samples FTIR (Perkin Elmer, Spectrum al., 2020)
Elbe River Czech neutralized with formic acid ~ Two). 0.013

after 3-4 days. Density
separation using potassium

&9


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/national-institutes-of-health
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/national-institutes-of-health

formate; supernatant filtered
on anopore inorganic
membrane filters(0.2pum).

Tamsui River Taiwan Surface of Manta net with a Sample rinsed with DI water ATR-FTIR spectroscope 0.010
o ) the water. mesh size of and wet sieved by 5 and
Tamsui River Taiwan 0.3mm. 0.3mm sieves. Samples with 0.030
Dahan River Taiwan no organic matter dried at 0.002
o . (Wong et al.,
Dahan River Taiwan 50°C (12hrs). Samples with 0.083 2020)
organic matter were oxidized
Keelung River Taiwan with H202 (35%) overnight at 0.003
Keelung River Taiwan 30°C. 0.064
Elbe River Czech - Hydro cyclone and Sieved through a 500 and Stereo microscope (SZ61; 0.193
centrifuge systems. 0.45um membrane filters. Olympus, Hamburg, Germany)/
Fractions < 500um were ATR-FTIR spectroscope.
subjected to oxidative- (Hildebrandt
Elbe River Czech chemical matrix (i.e. natural 2.072 etal., 2021)
organic and inorganic
materials) digestion along
with density separation.
0.5m below Bilge pump - Light microscope (S9E-Leica) /
the surface connected to PP FTIR spectroscope. (Napper et
Ganges River China of water. tubing across a 0.038 al p21?)21)
nylon mesh ?
(330um)
Rhéne River France Surface of Manta trawl net Sieved through 10, 5, Imm Microscope IR-Plan Spectra 0.0003
R . the water. (10 cm opening and 200pum metal sieves; Tech® coupled to an ABB®
Rhone River France radius; 300um oxidation was done by FTLA2000 FTIR spectrometer. 0.058 Constant et
mesh) Ha02 (40%) at 50°C; filtered (af“;ggo)e
Rhéne River France on a Whatman® filter papers 00116 ?
(2um).
Neuse River USA 40cm from  Trawl net (335um) Sieve_d thr_ough 200pm sieye; uFTIR (The.rmo Fisher Scientific 0.00002
) surface of 1hr digestion was done using Nicolet iN10 MX) and an (Kurki-Fox
Neuse River USA water. (FeS04) and H20:(32%) at Attenuated Total Reflectance 0.00044 11 o
60°C; filtered the digestate on attachment (Thermo Fisher ctal., 2023)
Neuse River USA 100um nylon filter. Scientific Nicolet iZ10). 0.221
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Figure A1: Map of sampling sites along the Alabama River.
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Figure A2: Sampler used for collecting water samples for microplastic analyses.
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Figure A3: Spectrum of dominant polymer found in water samples.
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Figure A5: Microplastics in water layers of the Alabama River (A: summer, B: fall, C: winter, D: spring. Error bars

represent standard deviations. There was no statistically significant difference in concentrations of water layers).

95



m Top = Top

= Mid = Mid
100 - H Bottom 100 - H Bottom
90 A 90 -
80 - 80 -
70 - 70 -
60 - 60 -
50 A 50 -
40 40
30 A 30 A
20 20
— 10 10
—
~ . O .
5 ‘ P » o= w o E - o 9
£ : &2 5 5 B 2 3 3 3
wn =] o [97) =)
g G é" 3 = 5 & 5 =
Q o
2 S : 2 £
-3 a =)
g
§ lTo;(;1 = Top
= Mi :
§ 100 - ® Bottom 10 - o
H Bottom
2 90 =K 90 K
3 80 - 80 -
§ 70 | 70
8 60 60 -
= 50 50 -
40 A 40
30 A 30 A
20 20
10 10
0 - 0 -
< < (o} < < on [P}
2 §F E £ = < 5§ E £ Z
E E 38 E 2 E £ 3 2
% o0 S = 153 = 3
= g 2 = g .0
s E s =
a A

Figure A6: Microplastics in water layers of the Alabama River with K samples (A: summer, B: fall, C: winter, D:
spring. Error bars represent standard deviations. There was no statistically significant difference in concentrations of
water layers).

96



100 -

80 1

° Summer

o Fall

60 -

» Winter

° Spring

0.01 0.1 1 10
S 100 + p.
£ C
= 80 A
=
=
% 60 - ° Summer
A a Fall
5
5 40 » Winter
g o Sprin
2 20 A pring
=
g A "l
Z 0
—E 0.01 0.1 1 10
L:) Microolastic length (mm)

100 -

Figure A7: Cumulative frequency distribution of 4

microplastic size by season (A: Wetumpka, B:
Montgomery, C: Selma, D: Dixie Landing, E:

Mobile).

80 A
60 1 ° Summer
o Fall
40 ~ » Winter
-,"" o Sprin,
20 - pring
°
0.01 0.1 1 10
100 - g8
D d
80
60 1 ° Summer
&9 o oFall
Fa o
40 1 2 » Winter
° o o Sprin,
20 BD.,a“" . pring
0 |??f”$ ° T T TrImn
0.01 0.1 1 10
100 A
F
80
60 1 ° Summer
o Fall
) » Winter
o Sprin
20 1 pring
—9—0—'—!—!2*
0 =1 T T T rrrrrrg T T 1 rrrrr]
0.01 0.1 1 10

97

Microolastic length (mm)



Percentile (%)

100 -

A
80
60 -
° Summer
40 A o Fall
o Winter
20 - » Spring

0.01 0.1 1

Micronlastic length (mm)

Figure A8. Cumulative frequency
distribution of microplastic size by
season (A), site (B), and all sites and

seasons (C).

98

100 -
80 A
60 -
° Wetumpka
40 - = Montgomery
- Selma
20 ° Dixie Landing
» Mobile
O __‘_._mrrﬂ_l_l_l_l_n'l'ﬂ_l_l_l_l_l'l'rﬂ
0.01 0.1 1 10
100 A
C
80 A
60 -
40 A
20 A
0 + :f???... — T ——rrrrm
0.01 0.1 1 10

Microolastic length (mm)



Montgomery Wetumpka

Selma

Mobile

@ TOP
14 e Mid
12 @ Bottom
z 10
g
g 8
=
2 6
=
4
2
0
0 1 2 3 4 5
Fiber Sizes (mm)
@ TOP
14 @ Mid
=@ Bottom
12
z 10
g
g 8
=
2 6
=
4
2
0
0 1 2 3 4 5
Fiber Sizes (mm)
e TOP
144 o Mid
12 @ Bottom
10
z
§ 8
g
£ 6
4
2
0
0 1 2 3 4 5
Fiber Sizes (mm)
= Top
14 e Mid
12 =@ Bottom
> 10
9
g s
g
& 6
4
2
0

0 1 2 3 4 5

Fiber Sizes (mm)

Summer

Frequency

Frequency

Frequency

Frequency

x o b =

=

14 1
12 1

1

1

@ TOD
@ Mid
@ Bottom

2 3 4 5
Fiber Sizes (mm)
@ TOP
e Mid
=@ Bottom

2 3 4 5

Fiber Sizes (mm)

e TOP
e Mid
=@ Bottom

2 3 4 5
Fiber Sizes (mm)

@ Top
@ Mid
=@ Bottom

1 2 3 4 5
Fiber Sizes (mm)

Fall

Figure A9: Size distribution of microplastics in below 38 um sample fractions.
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CHAPTER 3

3. EFFECTS OF CHRONIC EXPOSURE OF ENVIRONMENTALLY REALISTIC
MICROPLASTICS ON DAPHNIA MAGNA: IMPORTANCE OF PARTICLE SIZE
AND MORPHOLOGY AND IMPLICATIONS FOR RISK ASSESSMENTS

3.1. Abstract

Most ecotoxicity research with microplastics (MPs) in laboratories uses primary MPs, such
as plastic microbeads. The present study aimed to determine the effects of three environmentally
representative MPs: nylon and Kevlar microfibers and polystyrene cup fragments on D. magna.
Daphnia magna was chronically exposed to each MP type using five test concentrations for 21
days to investigate MP uptake and effects on survivorship, growth, and reproduction. The results
demonstrated that D. magna ingested MPs and the uptake concentration logarithmically increased
with MP exposure concentration. Microplastics did not significantly affect the survival of D.
magna. The reproduction rates in treatments of high concentrations (2.5, 25 mg/L) of nylon
microfibers were significantly lower than the control. Dry weights of D. magna were found to be
significantly lower when exposed to nylon microfibers at 0.064, 2.5, and 25 mg/L. Strong positive
correlations between the ingested MPs and MPs in water were found. Significant negative
correlations were found between MPs in water, ingested MPs and body size of D. magna in cup
MP experiments. Particle size distribution analysis indicated that D. magna had a preferred size
selection of MPs for ingestion. The effects of MPs on D. magna appeared to be influenced by
particle size and surface morphology. More studies should be conducted to further understand the
effects of MP types on different species of organisms and determine the relationship between MP
uptake and effects, which is necessary for ecological risk assessment to support management of

MP pollution.
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Keywords — Microfibers, microplastic size distribution, Daphnia magna, reproduction rate,
microplastic ingestion.

3.2. Introduction

Plastic production has increased dramatically since the 1950s, with millions of tons of plastic
produced globally to date. It has been estimated that the annual plastic discharge into the aquatic
ecosystem will reach 53 million tons by 2030 (Borrelle et al., 2020). Microplastics (plastics
with 3-dimensional size <5 mm, MPs) constitute a significant portion of the plastic discharge.
Previous research found various types of MP effects on aquatic life, with sublethal effects being
more commonly reported than lethal effects. This includes effects on behavior, morphology,
life history, biological and physical processes at molecular and cellular levels (Barboza et al.,
2018; Barrick et al., 2025a; De Felice et al., 2019; Guilhermino et al., 2018; Magni et al., 2019;
Murphy & Quinn, 2018; Rehse et al., 2016; Yu et al., 2018).

However, many ecotoxicological studies focused on short-term exposures to MPs using
primary MPs (MPs produced by manufacturers for industrial application purposes) such as
plastic microbeads (Aljaibachi & Callaghan, 2018; Canniff & Hoang, 2018; Hoang & Felix-
Kim, 2020; Rehse et al., 2016). In the natural environment, the dominant MPs are fragmented
particles of large plastic items, called secondary MPs. As a result, environmental MPs are
diverse in shape and size and not as uniform as primary MPs (Hashmi et al., 2025; Kefer et al.,
2022; Matavos-Aramyan, 2024). Microfibers (fibers with length <5 mm) have been reported
to be the dominant MPs in the natural ecosystem, coming from the production, use, and
discards of textile fiber materials at the end of their use (Henry et al., 2019; Periyasamy &
Tehrani-Bagha, 2022). Effluents of wastewater treatment plants and surface runoff are believed

to be important sources of microfibers (Sadia et al., 2022; Yaseen et al., 2022).
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Living organisms in the natural environment are exposed to secondary MPs for longer times
than primary MPs. The non-uniform morphology of environmental MPs can influence
ingestion and excretion by living organisms leading to differences in uptake and effects
compared to primary MPs that have uniform shape and smooth surface. For example, Canniff
and Hoang (2018) found high ingestion of plastic microbeads by D. magna but no effect on
survival and reproduction of the organisms was observed. Conversely, Barrick et al. (2024) found
effects on D. magna survival when exposed to nylon microfibers with the same size and
concentration as plastic microbeads used by Canniff and Hoang (2018). Therefore,
ecotoxicology research using environmentally relevant exposure times (i.e. chronic as opposed
to acute) and environmentally realistic MPs (i.e. secondary as opposed to primary) would
provide a better understanding of MP impacts in the natural ecosystem.

Daphnia magna is a cladoceran species that serves as a model organism used for toxicological
studies as it is considered to be an important link between primary producers and higher trophic
levels (Miner et al., 2012). Preferential habitat for this species includes shallow water
ecosystems that are now vulnerable to anthropogenic disturbance including chemical and MP
pollution (Guilhermino et al.,, 2018). They have a short life cycle with a lifetime of
approximately 1.5 months. They can mature and produce neonates in as little as 7 days. These
biological characteristics make them a suitable model organism for chronic exposure studies to
determine reproductive and growth effects of contaminants. Studies have reported the ingestion
of a wide range of MPs by D. magna (Aljaibachi & Callaghan, 2018; Colomer et al., 2019;
Frydkjer et al., 2017) including microfibers (Barrick et al., 2025; Jemec et al., 2016; Kim et
al., 2021), microbeads and fragmented MPs (Canniff and Hoang 2028; Barrick et al., 2024;

Funke et al., 2024; Schrank et al., 2019; Schiir et al., 2023). Microplastics can be excreted but
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excretion is dependent on the shape and morphology of particles. Incomplete excretion can
result in MP accumulation in the digestive system of organisms and cause toxic effects to D.
magna (Naetal., 2021). According to Barrick et al. (2024, 2025), the ingestion and excretion
of secondary MPs by D. magna during a 48-h exposure was dependent on the plastic types. An
uptake rate of 15.35 particles’h was found for MPs made from a single use plastic cup (cup
MPs) while a rate of 0.95 particles/h was observed for MPs made from a single use plastic fork
(fork MPs). The elimination rate of cup MPs was reported to be 1.77 particles/h while it was
0.27 particles/h for fork MPs.

To better understand the environmental impacts of MPs on aquatic species, it is important to
conduct research using environmentally realistic MPs. With MPs being persistent in the natural
environment, results of long-time exposure studies are more relevant for ecological risk
assessment to support decision and policy making for management of plastic pollution. The
present study aimed at investigating the effects on D. magna caused by chronic exposure of
two different microfiber types (nylon and Kevlar) and cup MPs. The effect endpoints included
survival, reproduction, body size, MP uptake and size distribution, and relationships between
the measurement endpoints.

3.3. Materials and methods

3.3.1. Preparation and characterization of microplastics

Microfibers (nylon and Kevlar) were provided by Goonvean Fibers Ltd. Initial characterization by

the manufacturer indicated that fiber lengths ranged from 0.1 mm to 0.25 mm. The reported

microfiber density for Kevlar and nylon was 1.44 and 1.35 g/cm?, respectively. No additive

chemicals were incorporated into the material during the synthesis of the microfibers except a

lubricant coating on their surfaces. To remove this coating, microfibers were treated with 1 g/L of
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an anionic tenside solution (100g fibers/ 2L) for 30 min at 60°C (Barrick et al., 2025). After the
removal of the surfactant, the microfibers were separated from the solution through warm water
filtration. The microfibers were then dried in an oven at 60°C temperature overnight for later use
(Barrick et al., 2025). Cup MPs were prepared from a single use plastic cup that was purchased
from a grocery store. The cup was first cut into 1 x 1 cm pieces using a scissor, submerged in liquid
nitrogen for approximately five min, and fed into a Pulversiette 14™ miller (Fristch) where
highspeed sheering fractionated plastic samples. Samples were sieved through a filter to achieve a
size range < 120 pum.

3.3.2. Quantification of microplastics

Microplastic size and concentrations in mg/L. and MPs/L were measured. Homogenous
microplastic solutions of each MP type were prepared by mixing 0.5 mg MPs with 5 mL of ethanol
(70%) to achieve a concentration of 0.1 mg/mL. After mixing, the 0.1 mL solution was collected
and filtered through a 1 um Sartorius grid filter (cellulose nitrate) using a vacuum filtration system.
The procedure was carried out in triplicate for each MP type to count and size MPs on the filters
using an upright Nikon microscope (Eclipse Ci-L Plus) with a Ds-Fi 3 camera and NIS-Elements
imaging software. The number of cup MPs (or microfibers)/mg were calculated to determine the
conversion factor, which was used to prepare MP concentrations (in cup MPs (or microfibers)/L)
for D. magna exposure experiments. The conversion factors for nylon microfiber, Kevlar
microfiber, and cup MP were 23,733, 34,133, and 78,226 MPs/mg, respectively (Table B1).
3.3.3. Preparation of moderately hard water

Moderately hard water (MHW) was produced by dissolving equivalent amounts of mineral salts
in reverse osmosis (RO) water using the USEPA Test Method for aquatic toxicology testing

(Biesinger et al., 2002). Sodium bicarbonate (NaHCO3) at a concentration of 90 mg/L, calcium
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sulfate dihydrate (CaS0O4.2H>0) and magnesium sulfate (MgSO4) at a concentration of 60 mg/L
each, and potassium chloride (KCl) at a concentration of 4 mg/L were dissolved in RO water.
Temperature and pH of test water were measured daily during the experiment, and the results
(average + standard deviation) were 20.54°C + 0.77 and 7.66 + 0.35 respectively. Hardness and
alkalinity were measured at the start and the end of experiments using titration methods (Eaton et
al., 2005a, 2005b). The average and standard deviation of hardness and alkalinity were
91.33 £ 11.2 mg/L and 57.33 = 7 mg/L as CaCOs, respectively. These water quality characteristics
are in the water quality range of the US EPA MHW (Biesinger et al., 2002).

3.3.4. Preparation of microplastic concentrations

Five test concentrations (defined as T, T2, T3, T4, Ts with T having the lowest MP concentration
and Ts having the highest MP concentration) were prepared by mixing an equivalent amount of
each MP type with MHW to achieve MP concentrations of 0.0064, 0.064, 0.25, 2.5, and 25 mg/L.
An amount of 0.1, 1, and 10 mg of each MP type was added in each test chamber containing 400
mL MHW and mixed for three minutes using a glass rod to make 0.25 (T3), 2.5 (T4), and 25 (T5s)
mg/L, respectively. Due to the accuracy limitations of our balance, MP concentrations of T; and
T> were prepared using a dilution method. An amount of 0.1 mg of each MP type was mixed with
I mL MHW to make a working MP concentration of 100 mg/L. An aliquot of 0.256 mL of this
working MP solution was collected and mixed with 400 mL MHW to make a MP concentration of
0.064 mg/L for T1. Similarly, a working MP concentration of 10 mg/L was prepared by mixing 0.1
mg MP with 10 mL MHW and 0.256 mL of the working MP solution was collected and mix with
400 mL MHW to make a MP concentration of 0.0064 mg/L for T>. These concentrations are
equivalent to 150, 2000, 6000, 59,000, and 593,000 nylon microfibers/L, 220, 2200, 8500, 85,300,

and 853,000 Kevlar microfibers/L, and 500, 5000, 19,560, 195,560, and 1,955,650 cup MPs/L,
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respectively (Table B2). The conversion factors used to convert MP concentration in mg/L to
MPs/L were 23,733, 34,133, and 78,226 MPs/mg for nylon microfibers, Kevlar microfibers, and
cup MPs, respectively (Table S1). Lower test concentrations (e.g., 0.0064, 0.064, 0.25 mg/L) are
considered environmentally relevant (Beiras & Schonemann, 2020; Chen et al., 2023; Hashmi et
al., 2025; Sun et al., 2021; Xiong et al., 2023; Zhao et al., 2014).

Microfibers often make clumps before adding them to the test chamber. To ensure their separation,
the microfibers in water were mixed for approximately three minutes using a 1 mL pipette to
squeeze water on the clumps until they are separated. Before introducing D. magna into the test
chamber, a 1 mL subsample was collected from the center of each beaker at the middle of the water
column to measure the number of microfibers or cup MPs in test water. A second 1 mL sample
was collected in the middle of the experiment period (day 10) and a third 1 mL sample was
collected at the end of the experiment on day 21 for MP analysis (Table S2). Samples were filtered
onto a 1.0 um Sartorius grid filter using a vacuum filtration system. The length of each microfiber
and width and length of each cup MPs were measured using a LAXCO Stereo Microscope and an
upright Nikon microscope (Eclipse Ci-L Plus) with a Ds-Fi 3 camera and NIS-Elements imaging
software. To facilitate the measurement, a Nikon D-LEDI light source and quad band pass
fluorescence cube (DAPI, GFP, TRITC, and CY5) was used to illuminate microfibers on the filter
paper to improve detection.

3.3.5. Organism culture

An in-house culture of D. magna was maintained at the Ecotoxicology and Risk Assessment
Laboratory of Auburn University following the USEPA Method for Toxicology Testing (Biesinger
et al., 2002) to produce organisms for experiments. Twenty-five adult D. magna were keptin 1 L

glass beakers containing 800 mL MHW. The water was changed three times per week on Monday,
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Wednesday, and Friday. The temperature of the culture was maintained at 20.54 + 0.8°C with a
light:dark photoperiod of 16:8 hours. Organisms were fed daily with 6 ml Raphidocelis
subcapitata at 3 x 107 cells/mL and 2 mL yeast, cereal leaves, and tetramine (YCT) (Aquatic
Biosystems Inc.) Neonates D. magna (less than 24-h-old) were used to initiate experiments.
3.3.6. Exposure of microplastics to Daphnia magna

After preparing MP concentrations as described in section 2.4, ten < 24-h-old D. magna were
added to each treatment beaker. Four replicates per treatment were used along with four replicates
of control water (called Ctl) with no MPs (microfibers or cup MPs) added. Beakers were covered
with a plexiglass sheet for the entire test duration to avoid potential contamination from an ambient
environment. Freshwater with equivalent MP concentrations were prepared for water change every
two days during the experiment. Daphnia magna were fed with algae (Raphidocelis
subcapitata) at 3 x 107 cells/mL and YCT daily based on their age. The feeding rate increased
when the organisms were bigger (Table B3).

The number of neonates and adults were counted daily. Dead adults (if observed) during the
experiment were removed from the test chambers, collected in a glass vial, and frozen at -20°C
until analysis of MP uptake. Neonates produced during the experiments were counted and removed
from the test chambers daily. Living adult organisms at the end of 21-d experiments were also
collected and stored in a glass vial at -20°C for later analysis of MP uptake.

Before analysis of MP uptake, the body sizes of each individual adult organism of each treatment
replicate were measured. The length and width of the organism were measured using a LAXCO
Stereomicroscope to compare significant differences between treatments and control. The dry and
wet weights of all living adult D. magna in each treatment and control replicate were measured.

Aluminum weight pans were preheated in an oven for 24 hours at 70°C and placed in the desiccator
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to cool down at laboratory temperature. The initial weight of the pre-dried pan was measured on a
Toledo microbalance with the accuracy of 0.01mg. After adding the adults, the final weight was
taken again. After determining the wet weight, the organisms were kept in the oven to dry at 70°C
for 24 hours. After 24 hours of drying, dry weights were measured using the same balance.

3.3.7. Digestion of Daphnia magna

Adult D. magna stored in the glass vials were allowed to thaw at laboratory temperature and rinsed
three times with MilliQ-water® to wash off MPs adherence on the organism’s surface. After
rinsing, 1.5 mL of 30 % H20» was added to each vial and placed on a hotplate to undergo digestion
at 70°C for 24 h (Barrick et al., 2025). After 24 h digestion, five mL of MilliQ-water® were added
to dilute the digested solution prior to filtration. The diluted solution was poured onto a 1.0 pm
Sartorius grid filter. The vials were rinsed with MilliQ-water® three times to ensure collection of
all the MPs ingested by the organisms present on the filters. Counting and sizing MPs for each
treatment replicate was conducted using a microscope as described above to determine MP
ingestion by D. magna.

3.3.8. Data analysis

Survivorship for each treatment replicate was calculated using equation 1. The treatment average
was calculated for comparison of statistically significant differences with the control.

Survivorship (%) =

(Number of living adult D.magna at the end of the experiment—number of dead adult D.magna) "
Number of living adult D. magna

100 (1)
Wet weight per organism was calculated using equation 2. Dry weights were calculated using
equation 3. The treatment average was calculated for comparison of statistically significant

differences with the control.
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Wet weight (mg/organism) =

[(weight of the pan+wet weight of living adult D. magna in a treatment replicate)—(weight of an empty pan)]

Number of living adult D. magna in a treatment replicate

2)

Dry weight (mg/organism) =

[(weight of the pan+dry weight of living adult D. magna in a treatment replicate)—(weight of an empty pan)]

Number of living adult D. magnain a treatment replicate

3)

The number of neonates produced per organisms daily were calculated using equation 4.

Neonates observed ondayn ) (4)
Number of living D. magna onday n—1

Neonates/organism = (
The total number neonates/organism produced in a treatment replicate during the 21-day
experiment was calculated. The average total number neonates/organism produced in each
treatment was calculated and used to compare differences between the treatment and the control
to determine the effects of MP exposure on reproduction of D. magna.
Size (length) of exposed MPs in water and ingested MPs were analyzed for each MP type using a
log-logistic distribution method for individual MPs to understand the size selection for ingestion

by organisms and comparison between plastic types. The lengths were ranked from the shortest to

the longest, and a centile was calculated for each MP using equation 1 (Hoang & Rand, 2015):

Centile = Rank X 100 5
entile = Ran ) (5)

where n is the total number of MPs. The 10™, 50", and 90™ cumulative percentiles of MP length
were calculated. The 10" and 90™ percentiles are usually used to represent effect and exposure
benchmarks in ecological risk assessment, respectively, and represent the size range of 80% MPs

in the present study.
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3.3.9. Statistical analysis

Statistical Analysis System (SAS) — Academics on Demand was used for the statistical analyses.
Shapiro-Wilk's test was used to test for normal distribution of data. ANOVA with Dunnet test was
used for pairwise comparison between the control and treatments that met the normal distribution
and homogenous variance assumptions. For data that were not normally distributed, non-
parametric analysis was used for significant comparison of the control and treatments. Statistical
significance was set at a p-value < 0.05. The relationship between MP uptake and MP
concentrations in water was determined using a logarithmic model. To obtain a linear relationship,
MP concentrations in water were transformed using the natural logarithmic function. The Pearson
correlation method was used to analyze the correlations between the measurement endpoints.
3.3.10. Quality assurance

The laboratory bench was swept before processing the samples. A cotton laboratory coat was worn
for the entire time while processing and analyzing the samples. Environmental contamination
during these experiments was minimized by using glassware. All the glassware was rinsed three
times with acetone and MilliQ-water® before starting the experiment. During digestion of
samples, glassware was covered with aluminum foil to minimize potential contamination of
airborne MPs deposition, whereas all the beakers were covered with a plexiglass sheet for the
entire test duration. The pipette tip used for collecting water samples from suspension was replaced
between each test replicate to avoid cross-contamination. Since the presence of ambient MPs in
the laboratory is affirmed by recent studies, blank filters were placed on the bench during filtration

to determine the background MPs concentrations in the laboratory.
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3.4. Results

3.4.1. Survivorship

Daphnia magna survivorship remained between 88% to 100% for nylon microfiber, Kevlar
microfiber, and cup MPs experiments. No statistically significant impact on mortality was

observed for all three MPs (Fig. 3.1).
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Figure 3.1. Daphnia magna survivorship after 21 days of exposure to MPs (A: nylon microfiber,
B: Kevlar microfiber, C: cup MP). Data are the treatment average. Error bars represent standard

deviations. No significant differences were observed between control and treatments.

3.4.2. Reproduction of Daphnia magna

The number of neonates produced per organism were calculated for all three experiments (Fig. 2).
In the nylon microfiber experiment, on average, a total of 154 + 10 neonates were produced per
D. magna in control, 142+ 17in Ty, 137+41in T2, 144+ 7in T3, 138+ 51in T4, and 142 £ 6 in Ts.
The average total neonates/organism in treatments T2, T4, and Ts were significantly lower than that
of the control (p = 0.04, 0.04, and 0.05 respectively Fig. 2A). In the Kevlar microfiber experiment,
the average total neonates/organism were 58 & 7 in control, 65 £ 10 in Ty, 58 £ 7 in T2, 68 = 13 in

T3, 614 14 in T4, and 60 + 5 in Ts. There was no statistically significant difference between the
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control and any treatment (Fig. 2B). For the cup MP experiment, 66 + 4 neonates/organism were
observed in control, 66 £ 12 in Ty, 64 £ 7 in Tz, 64 £ 8 in T3, 70 = 9 in T4, and 56 + 13
neonates/organism in Ts were found. No statistically significant difference between the treatments

and control was observed in the cup MP experiment (Fig. 2C).
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3.4.3. Growth of Daphnia magna

The wet and dry weights per D. magna were calculated for each experiment. In the nylon
microfiber experiment, the average wet weight ranged from 8.45 to 10.45 mg/organism and the
average dry weight ranged from 0.77 to 0.95 mg/organism (Fig. 3A). Those ranges of wet and dry

weight measurements were 6.31-8.12 mg/organism and 0.48-0.54 mg/organism for the Kevlar
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microfiber experiment (Fig. 3B) and 6.41-6.81 and 0.63-0.68 mg/organism for the cup MP

experiment, respectively (Fig. 3C).
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For dry weight, results of the nylon microfiber experiment, a statistically significant difference
was observed between the control and T2 (p = 0.01), T4 (p = 0.009), and Ts (p = 0.05). However,
no statistically significant difference between dry weights of treatments and control was found for
the Kevlar microfiber and cup MP experiments. No statistically significant difference between wet
weights of treatments and the control in all three experiments was detected.

The length and width of each D. magna in each treatment was measured at the end of the
experiment (Fig. 4). The average length ranges for the control and treatments of the nylon

microfiber experiment were 5.18-5.37 mm (Fig 4A). For the Kevlar microfiber and cup MP
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experiments, the average lengths were 4.09-4.19 (Fig 4B) mm and 3.563-3.93 mm, respectively
(Fig 4C). The average ranges of widths were 2.6-2.82 mm for the nylon microfiber experiment
(Fig 4A), 2.63-2.71 mm for the Kevlar microfiber experiment (Fig 4B), and 2.31-2.47 mm for the

cup MP experiment (Fig 4C).
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There was a statistically significant difference between the length of control and T4 of the
nylon microfiber experiment (p = 0.03). For the cup MP experiment, a statistically significant
difference was found between the length of control and Ts (p = 0.03). For width results, statistically

significant differences were found between the control and T3 (p = 0.01), and Ts (p = 0.05).
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However, no significant difference for width data was detected between the control and other five
treatments in the cup MP and Kevlar microfiber experiments.

3.4.4. Microplastics in water and ingestion by Daphnia magna

Results of analysis of MPs in exposure water showed that overall MP concentrations were lower
before than after mixing water except for some treatments at which the MP concentrations after
mixing water were lower than those before mixing water, such as treatment T1 of nylon microfiber
and T3 of cup MPs (Table S2). With cup MPs, a thin layer of MPs was found on the surface of the
exposure water whereas no floating nylon and Kevlar microfibers were observed in the exposure
water. These results suggest that MPs, especially nylon and Kevlar microfibers sedimented during
the 48-h water change intervals. This is explainable because their densities are higher than the
water density. For the nylon microfiber experiment, on average, 0.23, 0.49, 0.58, 0.48, 1.68, 3.82
microfibers were found per alive D. magna in control, Ti, T2, T3, T4, and Ts, respectively, whereas
1.5 microfiber/organism was found in Ti, 1 microfiber/organism was found in Ta, 3
microfibers/organism were found in T3, and 8 microfibers/organism were found in Ts, in dead D.
magna (Table S2). In the Kevlar microfiber experiment, no microfiber was found in control and
0.93, 1.68, 5.38, 6.13, and 10.06 microfibers/organism were found in Ty, T2, T3, T4, and T in alive
D. magna, respectively. In dead D. magna, no microfiber was found in organisms in control, T1,
and T», whereas 51 microfibers/organism were found in T3, 120 microfibers/organism were found
in T4, and 83 microfibers/organism were found in Ts (Table S2). However, the highest uptake was
observed in the cup MP experiment. The control, Ty, and T> had 0.10, 0.09, and 0.15 cup
MPs/organism whereas, 6.65, 28.61, and 49.86 cup MPs/organism were found in T3, T4, and Ts in

alive D. magna, respectively. In dead D. magna, 4 cup MPs/organism were found in the control, 8
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cup MPs/organism were found in Ti, 19.25 cup MPs/organism were found in T>, 109 cup
MPs/organism were found in T3, and 224 cup MPs/organism were found in Ts (Table S2).

The relationship between MP uptake and MPs in water was analyzed. Since D. magna ingested
MPs in the water column, at the water surface, and on the bottom of the exposure chamber (Barrick
et al., 2025, observation of the present study), the nominal MP concentrations were used for the
MP uptake and water MP relationship analysis. The analysis results showed that MP uptake by D.
magna was related with MP concentration in water. The relationship followed a logarithmic model.
The slope of the relationship increased in the order of nylon microfiber, Kevlar microfiber, and
cup MP (Fig. 5). The statistical comparison of the slopes showed that there were significant
differences between the slopes (p = 0.016 for nylon and Kevlar microfibers, p = 0.003 for nylon

microfibers and cup MPs, p = 0.007 for Kevlar microfiber and cup MPs).
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Figure 3.5. Relationship between MP uptake by D. magna and MP concentration in water.

Strong positive correlations between the concentrations of MPs (microfibers and cup MPs)

ingested in and MPs (microfibers and cup MPs) in water of all experiments were found (Table
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3.1). These results indicate that MP uptake by D. magna increased with increasing MP
concentration in water. The correlations between MPs ingested, MPs in water and the length and
width and overall size of D. magna in the cup MPs experiments were negative suggesting that MPs

in water and MPs ingested have potential effect on the body size of D. magna.
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Table 3.1. Correlations between biological measurement endpoints and MPs in water.

Overall MPs MPs Water Water
size Weight/  Neonates/ ingested ingested MPs MPs  Nominal
Length Width  (L*W)*  organism organism  (alive) (dead) (BM)® (AM)® conc.
Nylon microfibers

Length 1.000
Width -0.113  1.000
Overall size (L*W)? 0.558  0.760 1.000
Weight/organism 0.438  -0.080 0.250 1.000
Neonates/organism 0.409  -0.440 -0.087 0.865 1.000
MPs ingested (alive)  -0.361  -0.091 -0.350 -0.223 0.157 1.000
MPs ingested (dead) -0912  -0.336 -0.512 -0.007 0.476 0.958* 1.000
Water MPs (BM)® -0.082  -0.200 -0.260 -0.085 0.331 0.956*  0.969*  1.000
Water MPs (AM)°© -0.091 -0.187 -0.255 -0.091 0.321 0.960*  0.966* 1.000* 1.000
Nominal conc. -0.110  -0.181 -0.263 -0.099 0.312 0.965*  0.966*  0.999* 1.000*  1.000

Kevlar microfibers
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Length 1.000

Width 0.728  1.000

Overall size (L*W)? 0.887* 0.962* 1.000

Weight/organism 0.845 0.784 0.858 1.000

Neonates/organism 0.639 -0.014 0.248 0.450 1.000

MPs ingested (alive) -0.112  -0.300 -0.257 -0.336 -0.148 1.000

MPs ingested (dead) 0.289  0.845 0.702 0.692 -0.803 0.099 1.000

Water MPs (BM)® -0.319 -0.295 -0.342 -0.290 -0.397  0.890* 0.223  1.000

Water MPs (AM)°© -0.367 -0.370 -0.411 -0.315 -0.368 0.868 0.121 0.995*  1.000

Nominal conc.¢ -0.430 -0.445 -0.487 -0.350 -0.357 0.830 0.032 0.979* 0.994* 1.000
Cup MPs

Length 1.000

Width 0.878  1.000

Overall size (L*W)? 0.971*  0.760 1.000

Weight/organism 0.342  0.180 0.275 1.000

Neonates/organism 0.804 0.504 0.677 0.101 1.000
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MPs ingested (alive)
MPs ingested (dead)
Water MPs (BM)®
Water MPs (AM)¢

Nominal conc.4

-0.846

-0.802

-0.901*

-0.939*

-0.975*

-0.743

-0.490

-0.700

-0.807

-0.793

-0.825

-0.667

-0.831

-0.905*

-0.915*

-0.234

-0.302

-0.282

-0.227

-0.232

-0.548

-0.924

-0.720

0.714

-0.854

1.000

0.943*

0.969*

0.972%*

0.890*

1.000

0.966*

0.909

0.896

1.000

0.985%*

0.955%*

1.000

0.971*

1.000

A(L*W) = (Length*Width)

®BM = Before mixing
°AM = After mixing

dConc. = concentration

*Indicates statistically significant at p < 0.05.
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Results of the cumulative size distribution of MPs are shown in Fig. 3.6.
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Figure 3.6. Cumulative frequency distribution of the particle size of MPs in water and MPs

ingested by alive and dead D. magna (dash lines with arrow represent particle size of MPs

corresponding to the 10", 50, and 90™ percentiles, A: length of nylon microfibers, B: length of

Kevlar microfibers, C: length of cup MPs, D: width of cup MPs.)

The 10™ percentile size for nylon microfibers ingested by the D. magna was 0.16 mm. The 50"

percentile size was 0.34 mm, and the 90'" percentile size was 0.97 mm. In water, those respective

percentiles were 0.17, 0.39, and 0.82 mm whereas in dead D. magna, these percentiles were 0.15,
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0.35, and 1.08 mm, respectively (Fig. 3.6A, Table 3.2). For Kevlar microfibers, the 10", 50", and
90" percentile size of ingested microfibers was 0.08, 0.15, and 0.29 mm, respectively. Those
respective percentiles of MPs in water were 0.07, 0.30, and 0.73 mm and in dead D. magna were
0.07, 0.18, and 0.53 mm (Fig. 3.6B, Table 3.2). Cup MPs were smaller than nylon and Kevlar
microfibers with the 10", 50%, and 90" percentiles of the length of ingested MPs by alive D. magna
and MPs in water being 0.03, 0.06, and 0.12 mm and 0.02, 0.04, and 0.08 mm respectively.
However, these percentiles were 0.01, 0.01, and 0.04 mm in dead D. magna, respectively (Fig.
3.6C, Table 3.2). The width of cup MPs was similar to the length of cup MPs. The 10", 50" and
90" percentiles of the width of ingested MPs by alive D. magna and MPs in water were 0.03, 0.07,
and 0.12 mm and 0.02, 0.04, and 0.07 mm, respectively (Fig. 3.6D, Table 3.2). These relative
percentiles of the length and width of cup MPs in dead D. magna were 0.01, 0.01, and 0.04 mm

(Fig. 3.6C, D, Table 3.2).

122



Table 3.2. Size distribution of MPs ingested by D. magna (alive and dead) and MPs in water.

Microplastic Exposure/ Ingestion Length Length corresponding Width Width corresponding
type range* to percentiles (mm) range* to percentiles (mm)
(mm) (mm)
500 ot 9o 50t 1o 90t
Nylon Microplastics in water 0.01-3.41 0.39 0.17 0.82 0.020-0.022 N/A  NA NA
microfiber (5264) (20)
Microplastics in alive D. magna 0.07-3.27 034 0.16 0.97 N/M N/A  NA NA
(282)
Microplastics in dead D. magna 0.12-1.19 035 0.15 1.08 N/M N/A  NA NA
(26)
Kevlar Microplastics in water 0.009-4.86 030 0.07 0.73 0.040-0.042 NA NA NA
microfiber (5989) (20)
Microplastics in alive D. magna 0.03-1.37 0.15 0.08 0.29 N/M NA NA NA
(1007)
Microplastics in dead D. magna 0.02-1.1 0.18 007 0.53 N/M N/A  NA NA
(340)
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Cup MP Microplastics in water 0.01-1.12 0.04 0.02 0.08 0.01-2.02 0.04 0.02 0.07
(3018) (3018)

Microplastics in alive D. magna 0.01-1.13 0.06 0.03 0.12 0.007-0.08 0.07 0.03 0.12
(3049) (3049)

Microplastics in dead D. magna 0.01-0.11 0.01 0.01 0.04 0.01-0.14 0.01 0.01 0.04

(401) (401)

*Numbers in parentheses are the total number of MPs measured. N/A: not applicable. N/M: not measured.
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3.5. Discussion

3.5.1. Microplastic uptake and size selection for ingestion -importance for bioavailability
and risk assessments

The present study found that D. magna ingested MPs. The ingestion followed a logarithmic model
with MP uptake concentration increasing with MP exposure concentration (Fig. 3.5). The slope of
the relationship between the MP uptake and MP exposure concentration increased in the order of
nylon microfiber, Kevlar microfiber, and cup MP. This relative increase in the slope reflects a
relative increase in MP ingestion by the number of MPs per organism based on the number of MPs
per litter of water and can be explained by the respectively relative decrease in the particle size of
MPs. Ninety percent of nylon microfibers had sizes of < 0.82 mm, whereas it was < 0.68 mm and
0.12 mm for Kevlar microfibers and cup MPs, respectively (Fig. 3.6, Table 3.2).

Previous research has reported that MP uptake is dependent on the particle size (Cho et al., 2024;
Mohamed Nor et al., 2021; Mondellini et al., 2024). With a given gut space, organisms can ingest
a higher number of smaller MPs or fewer MPs with larger sizes (Canniff and Hoang 2018, Hoang
and Fel-Kim 2020, Barrick et al., 2024). The ingested MP concentration by alive D. magna was
positively correlated with water MP concentration for all MP types (coefficients > 0.96, Table 1).
These results are in agreement with a previous acute exposure study conducted by Barrick et al.
(2024) with the same type of MP. However, the MP uptake in the present study was up to ten times
higher than the uptake found by Barrick et al. (2024). These differences demonstrate that chronic
exposure resulted in higher MP uptake than acute exposure. Since MPs are persistent in the natural
environment, aquatic organisms would experience chronic exposure in the natural ecosystem and
might ingest more MPs in the natural ecosystem. This will raise concern about MP transfer through

the food chain and food web in the natural ecosystem. Among the three MP types, the uptake
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(MPs/organism) of cup MPs by alive D. magna was the highest following by the uptake of Kevlar
microfibers and nylon microfibers. Approximately, the numbers of MPs/organism were ten times
higher for cup MPs than nylon microfibers. It is not clear whether these differences in the MP
uptake are due to the organism’s preference of color, shape, and/or size of MPs. Cup MPs were
red, Kevlar microfibers were pale yellow, whereas nylon microfibers were transparent white. It is
important to mention that the results of the size distribution analysis of MPs found that cup MPs
were the smallest with most particles (80%) having a length between 0.02 and 0.08 mm and a
width between 0.02 and 0.07 mm (Fig. 3.6C, D, Table 3.2), whereas nylon microfibers had the
largest size with 80% particles were between 0.17 and 0.82 mm (Fig. 3.6, Table 3.2), which is
about ten times larger than cup MPs. The size of nylon microfibers D. magna ingested (80% in
0.16 - 0.97 mm range) was similar to the size of the particles in water. These results suggest that
caution should be taken when interpreting MP uptake by organisms. An organism with a defined
gut space can ingest a higher number of small MPs or fewer number of large MPs that occupied a
similar gut volume of its digestive system. Therefore, when comparing MP uptake by organisms,
particle size must be taken into consideration, especially for risk assessment that are based on MP
uptake.

Comparing the uptake of Kevlar and nylon microfibers by alive D. magna, the size ranges of both
microfibers in water are considered similar. Daphnia magna ingested Kevlar microfibers at a size
range of approximately four times shorter than the size range of ingested nylon microfibers.
Results of morphological analysis of the microfibers showed that Kevlar microfibers had a rough
and irregular end structure with fibrils that might be harder for D. magna to ingest than nylon
microfibers with smooth ends and surface (Barrick et al., 2025). Moreover, based on the surface

morphology of the nylon and Kevlar microfibers, the present study suggests that the smoother
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surface morphology of nylon microfibers enables D. magna to ingest them easier than Kevlar
microfibers. While MPs ingested by alive D. magna has a size similar to (for nylon microfibers)
or smaller (for Kevlar microfibers) than the size of MPs in water, the size of ingested cup MPs by
alive D. magna was larger than the size of cup MPs in water (Fig. 3.6C, D, Table 3.2). These
differences would be due to ununiform distribution of cup MPs in the exposure water with larger
MPs being inundated while smaller size MPs were floating on the water surface due to the surface
tension effects. This ununiform distribution of cup MPs in water was also observed by Barrick et
al. (2025). Regarding the size of particles in alive and dead D. magna, cup MPs in dead D. magna
were approximately three times smaller than those in alive D. magna. Although there was no clear
relationship between mortality and MP uptake, dead D. magna ingested more MPs with smaller
size than did alive D. magna. The findings of the present study indicate that D. magna appeared
to have a particle size and shape preference for ingestion. This is important and should be taken
into consideration for risk assessment for MPs involving MP uptake and effects.

3.5.2. Biological effects of microplastics

The present study evaluated the toxicity potential of chronic exposure to two types of microfibers
(nylon and Kevlar) and cup MPs to D. magna. Overall, 5 £ 4.6 % mortality was observed for nylon
microfiber exposure, 2.1 + 2.3 % for Kevlar microfiber exposure, and 4 +4.04 % for cup MP
exposure. However, none of these mortalities were statistically significantly different from the
mortality of control. Similar results have been reported by other chronic exposure studies with
plastic microbeads (Canniff & Hoang, 2018; Huang et al., 2022). Interestingly, Barrick et al. (2025)
found significant mortality effects of acute exposure of the same nylon microfibers on D. magna.
There is no clear explanation for these different effects on the survival of the organisms. The only

difference between the two studies was feeding. The organisms were not fed during the acute
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exposure of Barrick et al. (2025) while they were fed with algae and YCT in the present study.
Algae has been reported to colonize on the surface of MPs and together with the colonization of
other microorganisms, layers of biofilm are developed on MP surface that serve as a food source
for D. magna and also make MPs be smoother for excretion, preventing their potential causing
physical damages to the digestive system of the organisms, such as poking through the digestive
tract (Amariei et al., 2022; Barrick et al., 2025; Canniff & Hoang, 2018; Rummel et al., 2017;
Verdu et al., 2023).

Among the three MP types, only nylon had an effect on reproduction of D. magna (Fig. 3.2). The
reproductive rates of all treatments, except treatments T and T3, were significantly lower than the
reproductive rate of control. Comparing the MP uptake by the two particle types, the uptake in the
number of MPs/organism was lower for nylon microfibers than for cup MPs. When taking the
particle size into consideration, the total amount of MP uptake of each type are considered similar
as discussed in the above section. In addition, a previous study using chronic exposure of plastic
microbeads with a size within the range of the present study found no significant effects on
reproduction of D. magna (Canniff & Hoang, 2018). Therefore, the difference in reproductive
effects suggest an influence of particle type on biological effects of MPs. Nylon microfibers are
long and can be harder to excrete and would stay longer in the digestive system of the organisms.
More research is needed to understand the potential influence of the particle morphology of MPs
on living organisms (An et al., 2021; Frydkjer et al., 2017; Schwarzer et al., 2022; Yokota &
Mehlrose, 2020).

Overall, the three MP types did not markedly affect the growth of D. magna. However, for cup
MPs, the length and the overall size (production of length and width) of D. magna were

significantly negatively correlated with microplastic in water and microplastics ingested (Table
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3.1). The width data also showed negative correlations with MPs in water and MPs ingested,
although the correlations were slightly above the significant level (p = 0.06). The negative
correlations were also evidenced for nylon microfibers but were not statistically significant. These
negative correlations indicate that when MP concentrations in water and in D. magna were
increased the organism’s length and width and overall size will decrease. The results showed the
potential impacts of MPs on D. magna’s growth, especially with cup MPs. The effect can be
related to the gut space occupying by MPs. Organisms will have less gut space for food if MPs are
present in their digestive system. This would decrease energy intake for growth and development.
More research should be conducted to determine the retention time of MPs in organisms and the
potential impact of MPs on energy intake and biological performance of living organisms.

3.6. Conclusions and suggestions

The present study evaluated the effect of three different MPs (nylon and Kevlar microfibers, cup
MPs) on D. magna using chronic exposure method. Results showed no significant effects on the
survival of the organisms in all experiments. Daphnia magna ingested MPs and the ingestion
followed a logarithmic model. Among the three MP types, the MP uptake (MPs/organism) was the
highest with cup MPs and the lowest with Kevlar microfibers. Reproduction of D. magna was
affected by nylon microfibers but not by Kevlar microfibers and cup MPs. The differences in the
MP uptake and reproductive effects are believed to be related to particle morphology and size.
Daphnia magna appeared to have a preferred size and shape selection for MP ingestion. Evidence
for MP effects on D. magna s growth was shown, especially for cup MPs. The findings suggest
that particle size and morphology and measurement units should be taken into consideration for

interpreting MP effects involving MP ingestion, especially for risk assessment of MP exposure and
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effects. More research should be conducted to understand the details of the influence of particle

size and surface morphology on their biological effects.
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Appendix B

Table B1. Microplastic concentrations in number of particles/mg and mg/mL.

Microplastic  Replicate Microfibers Cup MPs (or Average + standard deviation
mg/mL mL

types counted microfibers)/mg cup MPs (or microfibers)/mg
Nylon 1 0.1 0.1 217 21,700

Nylon 2 0.1 0.1 247 24,700 23,733 + 1762
Nylon 3 0.1 0.1 248 24,800
Kevlar 1 0.1 0.1 340 34,000

Kevlar 2 0.1 0.1 363 36,300 34,133 +£2103
Kevlar 3 0.1 0.1 321 32,100
Cup 1 0.1 0.1 698 69,760

78,226 + 7604
Cup 2 0.1 0.1 804 80,442
Cup 3 0.1 0.1 845 84,475
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Table B2. Concentration of MPs and biological measurement endpoints.

Nominall MPs in MPs in MPs in Length of  Width of .Overall Weight/ Neonates/ MPs il}gested MPs ingested
Treatments  concentration  water  water (BM) water (AM) D. magna D.magna size (L*W) organism . (alive) (dead)

(MPs/L) (mg/L) (MPs/L) (MPs/L) (mm) (mm) (mm?) (mg/ organism) organism (MPs/organism) (MPs/organism)

Nylon microfiber
ctl 0 0 0+0 212 S AL 15.14 095+006 O 0.23+0.23 N/A
T, 152 0.0064 HoTe estrasa 00 220 14.61 0941009 937 0.49 +0.23 1.50 +0.00
T 1519 0.064 1313837% 1333 + 804 5'30‘.‘()% 2.?)?0% 14.25 0.77 +0.15 136;?8% 0.58 +0.10 1.00 + 0.00
Ts 5933 0.25 181353015 2833 + 804 > '30?1% 2'390% 13.86 092+003 ¥ ?8% 0.48 +0.27 3.00 + 0.00
T, 59333 25 s s e 13.94 081+009 T2 1.68 +0.68 N/A
Ts 593,325 25 O AL aWe el 14.02 085004 B 3.82+2.25 8.00 + 0.00
Kevlar microfiber
ct 0 0 0+0 242 4'10?13 2'3% 10.99 049+005 > ;55 0.00 + 0.00 N/A
T, 219 0.0064 1083 + 382 4550;715 4'(1)?13 Z'g?é 11.23 0.54 +0.04 64'358% 0.93 +1.16 N/A
T, 2185 0.064 e s S A 10.79 0481004 V7 1.68 +0.33 N/A
T, 8533 0.25 o0 s s e 10.96 050+002 7007 538+194  51.00+0.00
Ts 85,333 25 15;2?37 4§ 723’2(’)27% 4'10?0§ 2'3203 11.38 0.52 +0.03 601";_955 6.13+2.15  120.00 +0.00
Ts 853,325 25 495’2(’)(?5 3395’2?6325 4'10.1(% 2'3.21% 10.76 0.49 + 0.09 59'3_143 10.06+4.93  82.50 + 113.84
Cup MP

ct 0 0 3+3 0+0 3 %?oi 2"(‘)‘.‘03 9.47 0.64 + 0.08 66'f o 0.10+0.14 4.00 + 0.00
T 501 0.0064 1167+289 1583 + 629 3 '%.60% 2%?03 9.18 0.63 +0.01 661'?26% 0.09 +0.15 8.00 + 0.00
T, 5006  0.064 1167 +289 23233305 3 '?).205 2"(‘).11% 9.44 0.68 + 0.04 64%_323 0.15+0.12 19.25 +2.48
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8917 +

T3 19,557 0.25 6578
14,583 +

T, 195,566 2.5 1258
38,083 +

Ts 1,955,651 25 5210

7250 +
1521
47,667 +
26,572
137,472 +
16,686

393+
0.04
3.88 +
0.13
3.63 +
0.09

247+
0.14
238+
0.12
231+
0.08

9.72

9.22

8.39

0.64 +0.03
0.65 +0.06

0.64 +0.05

64.34 +
7.67
69.93 +
9.06
55.78 +
12.67

6.65 +2.98
28.61 +£13.68

49.86 +21.62

109.00 £+ 0.00
N/A

224.00 +0.00

* The conversion factors used for converting MP concentrations from mg/L to MPs/L were 23,733 MPs/mg for nylon microfiber,

34,133 MPs/mg for Kevlar microfiber, and 78,226 MPs/mg for cup MPs (Table S1).
N/A: not applicable because of no mortality.
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Table B3. Nourishment rations of algae and YCT fed to D. magna during chronic exposure to MPs.

Day Algae (mL/beaker/day)  YCT (mL/beaker/day)
0 0.2 0.1

1,2 0.4 0.2

3 0.6 ml 0.2 ml

4.5 1 ml 0.4 ml

6-13 2 ml I ml

14-20 3ml 1.5 ml

21%* N/F N/F

*N/F: not fed because the experiment was terminated
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CHAPTER 4

1. PRELIMINARY RISK ASSESSMENT FOR MICROPLASTICS IN

THE ALABAMA RIVER

This chapter aims to discuss the potential impact of MPs on aquatic organisms based on the results
of research in chapter 2 and chapter 3. Chapter 2 found MPs in the Alabama River with different
types and sizes. The concentration varied by site and season. Results of chapter 3 research
highlighted the potential effect of MPs on reproduction and growth of D. magna. The growth and
reproduction of D. magna were negatively correlated with MPs in water and MPs the organisms
ingested. The ingestion of MPs was dependent on particle size and plastic types. To understand the
potential impact of MPs in the Alabama River on aquatic organisms, comparison of the size of
MPs in the river with the size of MPs aquatic organisms ingested is necessary. Although D. magna
doesn’t represent the aquatic life of the Alabama River, they play an important role in aquatic
ecosystems, especially in shallow habitat along the river edge. This initial risk assessment analyzed
the size distribution of MPs in the Alabama River found in chapter 2 and MPs D. magna ingested
in chapter 3 to determine the bioavailability of MPs in the Alabama River to D. magna. The particle
size distribution method used in chapters 2 and 3 was used for analysis in this chapter. Since the
ingestion and effects of MPs on D. magna were different for microfibers and non-microfibers, risk
analysis in this chapter was conducted for microfibers and non-microfibers in the river. The
probability of MPs in the Alabama River having sizes smaller than the 90 percentile of the size
of MPs D. magna ingested was calculated for different scenarios regarding the sites and seasons
studied in chapter 2. The potential risk is expected to be higher for a scenario with a higher

probability than others with lower probabilities. Fig. 4.1 and Fig. 4.2 show the cumulative
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frequency distribution of microplastic size by season (A), site (B), and all sites and seasons (C) for

fibers and non-fibers respectively.
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The size distributions of MPs are illustrated in Fig. C1 (for fibers, Appendix C) and Fig. C2 (for
non-fibers, Appendix C). Fig. C3 and Fig. C4 show the size distributions of MPs by season for
fibers and non-fibers, respectively. The probabilities of MPs in the Alabama River within the 90"

percentile of size of MPs ingested by D. magna are presented in Table 4.1.

144



Table 4.1. Probability of MPs in the Alabama River with sizes within the 90" of the size of

ingested MPs.
Site Season Probability of MPs in the Alabama River with sizes
within the 90" of the size of ingested MPs
Microfibers Non-microfibers
Wetumpka Spring 40.78 40.11
Summer 48.21 21.88
Fall 57.83 09.52
Winter 55.21 28.00
Montgomery Spring 56.00 55.56
Summer 44.09 40.43
Fall 50.47 25.00
Winter 57.50 36.36
Selma Spring 58.33 42.55
Summer 51.75 42.94
Fall 51.50 30.30
Winter 5791 19.57
Dixie Landing Spring 49.78 NA
Summer 36.96 09.76
Fall 55.50 75.00
Winter 50.40 17.65
Mobile Spring 43.70 53.97
Summer 50.97 50.83
Fall 44.98 11.29
Winter 39.29 35.71
Wetumpka All seasons 49.87 22.92
Montgomery All seasons 51.74 37.44
Selma All seasons 53.81 37.27
Dixie Landing All seasons 48.43 34.78
Mobile All seasons 45.58 39.93
All sites Summer 48.19 39.44
All sites Spring 50.00 48.28
All sites Fall 51.27 26.74
All sites Winter 52.26 27.27
All sites All seasons 50.11 35.74

*NA data were not available because non-microfiber particles are not found in the samples.

There was a difference in the MP size distribution by season and site of the Alabama River. The
site with the highest percentage of microfibers that were within the ingestible size range of D.
magna was Selma in the spring (58.33%). Dixie Landing in the summer appeared to have longer
microfibers with 36.96% being within the ingestible size range of D. magna. Interestingly, Dixie
Landing in the fall had the smallest non-microfibers. Up to 75% of non-microfibers found in Dixie
Landing in the fall were smaller than the ingestible MPs by D. magna. Most non-microfibers found

in Wetumpka in the fall were larger than the ingestible MPs D. magna. Only 9.52% non-
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microfibers would be ingestible by D. magna. Overall, 50 % of the microfibers and almost 36 %
of the microplastic particles present in the Alabama River were found to be in the ingestible size
range of D. magna. Less variation between sites and seasons was noted for microfibers than for
non- microfibers. Regardless of the sites, 48 % microfibers and 40 % non-microfibers in summer,
51 % of the microfibers and 27 % of non-microfibers in fall, 52 % microfibers and 27 % non-
microfiber in winter, and 50 % microfibers and 48 % non-microfibers in spring were in the
ingestible size range of D. magna. Selma site seems to be polluted with smaller size microfibers
than other sites in the Alabama River as the probability always remained above 50% at this site
with the highest probability of 58% during spring season. Whereas the least probability among the
ingestible size was noted to be 37% at Dixie Landing site in summer season.

Compared to microfibers, non-microfibers were found to be lower in concentration with no MPs
detected at Dixie Landing site during spring season. In fall season, the highest probability of
ingestible MP particles size was also recorded at the same site. However, compared to the
probabilities for microfibers, non-microfibers probabilities were lower at most of the sites due to
higher prevalence of microfibers compared to the non-microfibers in river ecosystems.

Overall, the results of this initial risk analysis showed that MPs in the Alabama River are highly
available for small and sensitive aquatic organisms to ingest. The ingestion of MPs poses potential
risks to aquatic life through the direct impacts on their growth and reproduction and indirect
impacts via transfer of MPs through the food chain and food web. It is imperative to conduct more
research with different plastic types and different aquatic species to gather more data for detailed
risk assessments to support development of policies and regulations for ensuring a safer ecosystem

and habitat for aquatic species and for human beings.
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APPENDIX C
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Fig. C1. Cumulative frequency distribution of microplastic size by site and comparison with ingested microfibers by
Daphnia magna (A: summer, B: fall, C: winter, D: spring).
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Fig. C2. Cumulative frequency distribution of microplastic fragments (non-fiber) size by site and comparison with

ingested cup MP particles by Daphnia magna (A: summer, B: fall, C: winter, D: spring).
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