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CHAPTER 1: INTRODUCTION 

1.1. Background 

In recent years, microplastics have become a global focus of research that aims to 

understand the potential human and ecological health implications of this widespread 

contaminant suite (Rochman, 2018). These small plastics (1 µm to 5 mm in size) have diverse 

origins, primary polymers, additives, morphologies, colors, and adsorbed ecotoxins (Frias and 

Nash, 2019; Rochman et al., 2019). Concerningly, microplastics are ingested by terrestrial and 

aquatic organisms and can cause both physical (e.g., blockages) and chemical (e.g., exposures to 

leached toxins, reduced growth, and behavioral changes) impacts (Jeong et al., 2024). In the 

human body, microplastics have been found in blood, lungs, and other organs (e.g., livers and 

kidneys) and estimates of exposure to humans via inhalation and ingestion are on the order of 

hundreds of thousands of these microparticles per year (Cox et al., 2019; Thompson et al., 2024). 

The footprint of microplastics has touched nearly every part of the planet, with these pollutants 

having been identified on every continent (Akanyange et al., 2022; Cunningham et al., 2022) and 

in environments ranging from deep sea sediment (Barrett et al., 2020) to the top of Mount 

Everest (Napper et al., 2020). Microplastics are therefore an alarming contaminant requiring 

proper regulation to protect human and ecological health. Researchers and policy makers 

accordingly need comprehensive evidence regarding the sourcing and transport of microplastics 

in the environment. 

Marine habitats have the largest body of research on microplastic presence and 

movement due to the origins of the field in the global ocean (Carpenter and Smith, 1972; 

Rochman et al., 2018). Microplastic fate within freshwater and terrestrial environments is less 

understood (Rochman et al., 2018) despite freshwater environments acting as key pathways in 

moving microplastics from terrestrial to marine systems. While freshwater environments have 
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been increasingly prioritized in research, freshwater research has developed a “size bias” that 

targets larger rivers and lakes, leaving small-scale systems understudied (Büngener et al., 2024). 

However, modeling and preliminary field studies indicate that small headwater streams can have 

longer microplastic retention times than large rivers due to their comparatively low flow, leading 

to highly contaminated upstream environments (Büngener et al., 2024; Dikareva and Simon, 

2019; Drummond et al., 2022). These small freshwater systems therefore warrant further study as 

longer retention times mean they could serve as a source of legacy contamination far into the 

future even if microplastic inputs cease. 

In urban areas, freshwater systems also receive enhanced inputs of microplastics due to 

more abundant and potent sources. Higher populations result in more people wearing textiles that 

can release microfibers into the atmosphere during their wear and into wastewater effluent 

during their washing (De Falco et al., 2020; Hernandez et al., 2017). Heavily trafficked urban 

roadways can cause increased emissions of vehicle-related microparticles (e.g., tire wear; 

Goehler et al., 2022). The high waste generation of urban areas also facilitates the entry of 

macroplastics (plastics > 5 mm) into the environment both through intentional littering and 

unintentional mismanagement of waste (Rinasti et al., 2022). Moreover, increased areas of 

impervious surfaces in cities enhance runoff that can result in urban freshwater systems that have 

highly variable flow, including rapid (i.e., flashy) discharge responses to precipitation events 

(O’Driscoll et al., 2010). Macroplastics and microplastics might enter waterways more easily 

because of this enhanced runoff. Due to their proximity to concentrated sources of microplastic 

pollution, small urban watersheds serve as interfaces between the contaminant’s sources and 

transport to downstream environments. These systems may also potentially function as both 

long-term sinks and sources of microplastics during varying flow conditions. 
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Our knowledge of microplastic contamination in small urban watersheds is nevertheless 

limited in several dimensions. First, studies are incomplete in their spatial assessments (typically 

prioritizing longitudinal gradients along single rivers) as well as their temporal assessments 

(typically considering only 1-2 seasons). They also rarely examine high resolution spatial and 

temporal scales simultaneously (Range et al., 2023; Talbot and Chang, 2022). Second, studies 

fail to thoroughly consider the impacts of rapidly changing flow conditions by evaluating 

systems at high enough temporal resolution to capture discharge peaks (Hitchcock, 2020; Talbot 

and Chang, 2022). Third, attempts to determine a freshwater bioindicator species for 

microplastics have thus far focused on larger freshwater systems or marine environments (Su et 

al., 2018). A bioindicator species could simultaneously indicate the contamination level of its 

surroundings (e.g., for water or sediment) and provide information about aquatic organism 

exposure. However, the extent to which proposed bioindicators might function in more variable, 

small freshwater systems is largely unknown. Fourth, atmospheric deposition is frequently 

mentioned as a potential influence on freshwater microplastic distribution, but analyses of 

atmospheric microplastics are rarely incorporated into studies of their dispersal in watersheds 

(Talbot and Chang, 2022). 

The current body of knowledge on microplastic contamination in small urban watersheds 

is thus lacking, and additional studies that consider these knowledge gaps are needed. Further, 

microplastics exist within a suite of similar, but not fully plastic, “anthropogenic microparticles,” 

which can include soot, paint flakes, tire and road wear (e.g., microrubbers), and modified fibers 

of natural origin (e.g., viscose and dyed cotton; Athey and Erdle, 2022; Mattsson et al., 2021). 

Though non-plastic anthropogenic microparticles are frequently understudied due to their lower 

environmental persistence compared to their plastic counterparts, these other anthropogenic 

microparticles can have similar effects on organism health and are frequently found at higher 
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quantities in a similar range of environments as microplastics (Athey and Erdle, 2022; Kim et al., 

2021; Turner, 2021). Accordingly, calls are growing to expand the field by studying these other 

anthropogenic microparticles (in addition to their more well-known plastic counterparts) to avoid 

underestimating the true effects of anthropogenic microparticles through a limited focus on only 

plastics. Additional research is therefore urgently needed on the complex suite of anthropogenic 

microparticles in small urban watersheds. This research must specifically emphasize 

understanding multiple compartments and flow conditions across the fluctuating spatiotemporal 

gradients present in these highly variable freshwater systems. 

1.2. Study Objectives 

Although the prevalence and potential ecosystem threats of microplastics are well 

established in larger aquatic systems, more research is needed to advance our understanding of 

their spatial and temporal fluctuations in small urban watersheds. These variations are not 

currently understood for the full suite of anthropogenic microparticles (including microplastics, 

semi-synthetic and non-plastic microfibers, paint flakes, and tire and road wear materials) across 

multiple environmental compartments and through the highly variable flow conditions that are 

found in small urban freshwater systems. Thus, the objectives of this research are to (1) assess 

the partitioning of anthropogenic microparticle debris between sediment and water over the 

spatially and temporally variable conditions present in a small urban catchment, (2) determine 

the impacts of short-term flood events on the sourcing, extent, and timing of anthropogenic 

microplastic debris transport in the selected stream, (3) evaluate the potential of the Asian clam, 

Corbicula fluminea (C. fluminea), as a bioindicator of anthropogenic microparticle fluctuation in 

the urban stream environment, and (4) characterize anthropogenic microparticles in the 

atmospheric deposition of a humid subtropical city. 
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1.3. Study Area 

The outlined objectives were completed in this dissertation through a series of studies in 

the Deer Creek watershed, which is located near St. Louis, Missouri, United States. Deer Creek 

is a 95.8 km2 urban watershed, containing 99.8% developed land (Fig. 1.1.; Dewitz, 2023). The 

Deer Creek catchment drains into the Mississippi River via the River des Peres, with the system 

therefore having implications for pollutant transport downstream to the Gulf of Mexico. 

Moreover, the Deer Creek watershed has been the subject of remediation efforts following 

bacterial and Cl- contamination from urban land uses, historic sewer overflows, and road salting 

efforts (MoDNR, 2022; MSD, 2025a; MSD, 2025b) as well as research concerning its dangerous 

flash flooding (Criss et al., 2022). Deer Creek is thus an ideal location to study anthropogenic 

microparticle fluxes in a small-scale watershed impacted by common concerns for urban 

freshwater environments. 

 

Figure 1.1. The sampling sites for all the dissertation projects on a land cover map of the St. 
Louis, Missouri, United States, area (NLCD 2021; Dewitz, 2023). Note that the white filled 
circles indicate study sites that are collocated with United States Geological Survey (USGS) 
stage and discharge gage stations. One high resolution atmospheric sample site is located 
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outside of the basin at Saint Louis University. The inset watershed map contains additional 
details about the high resolution spatial, temporal, biota, and atmosphere sample sites. 

 

1.4. Outline of the Dissertation Chapters 

The goal of this dissertation is to thoroughly characterize the transport of anthropogenic 

microparticle (including microplastic) debris in a small urban watershed across multiple 

environmental compartments (e.g., the water, sediment, biota, and atmosphere) and multiple 

flow conditions (from baseflow to flooding). This introductory chapter (Chapter 1) explained the 

background for the research focus, including the current body of work on microplastics in 

freshwater systems and the needs for further research. Chapter 2 characterizes spatial and 

temporal trends in anthropogenic microparticle fluctuations within the selected small urban 

watershed over a 1-year sampling campaign across 10 sites. Chapter 3 identifies the impacts of 

flow conditions in facilitating the export of anthropogenic microparticles from the small urban 

stream to downstream environments. Chapter 4 clarifies the efficacy of C. fluminea as a 

bioindicator for anthropogenic microparticles in the urban watershed. Chapter 5 quantifies the 

atmospheric deposition of anthropogenic microparticles in the surrounding urban environment 

over a 1-year period. Finally, Chapter 6 summarizes the key findings of this research and 

provides recommendations for further work. 
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CHAPTER 2: SPATIOTEMPORAL VARIATION OF ANTHROPOGENIC 

MICROPARTICLES (INCLUDING MICROPLASTICS) IN THE SEDIMENT OF A 

SMALL URBAN WATERSHED 

2.1. Abstract 

 The drivers of spatiotemporal fluctuation in anthropogenic microparticles (including 

microplastics) remain poorly understood in small watersheds due to a historical research focus 

on marine environments and larger freshwater systems. Small urban streams are a key interface 

between urban sources of microplastics and downstream habitats. We thus assessed 

anthropogenic microparticle quantities and types in stream water and sediment across a small 

urban watershed in St. Louis, Missouri, United States, over 1 year. Most water samples (98%) 

had anthropogenic microparticle levels that were below our method detection limit, preventing 

our assessment of their spatial and temporal fluctuations in the stream water. In contrast, 92% of 

sediment samples from the streambed contained detectable quantities of anthropogenic 

microparticles that reached concentrations up to 188.6 counts/kg. Microfibers were the most 

common anthropogenic microparticle morphology in both sample types. The spatial attributes of 

the sampling sites, like the distance from the stream’s outlet and number of nearby point sources 

of pollution, best explained the observed increases in sediment anthropogenic microparticle 

levels from upstream to downstream in the watershed. However, sediment samples collected in 

the summer months had unique spatial distributions across the watershed that generally 

demonstrated less variability among our sampling sites. No clear relationships were present 

between the observed sediment anthropogenic microparticle fluctuations over time and variations 

in the stream’s hydrology or physicochemical characteristics. Our results suggest that the 

watershed’s spatial attributes are stronger indicators of anthropogenic microparticle distribution 

in the bed sediment than fluctuating temporal conditions. Sampling anthropogenic microparticle 
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distributions across multiple seasons is nonetheless vital as the extrapolation of spatial patterns at 

a single point in time might be a poor representation of the overall drivers of their dispersal 

across a watershed. 

2.2. Introduction 

 Microplastics (plastics < 5 mm) have gained notoriety in recent years as prevalent global 

contaminants with potentially harmful impacts on human and ecological health (Thompson et al., 

2024). In freshwater systems, microplastics have historically been understudied due to the field’s 

inception in and original focus on marine environments (Carpenter and Smith, 1972; Rochman, 

2018). As the study of microplastics in freshwater systems has become more common, the 

research focus is still often narrowed to larger rivers and lakes (Dikareva and Simon, 2019; 

Rochman, 2018). However, both modeling and limited field studies suggest that retention time 

for microplastics might be higher in headwater streams, leading to highly polluted environments 

in these smaller hydrologic systems (Dikareva and Simon, 2019; Drummond et al., 2022; Kabir 

et al., 2022). 

Correspondingly, small urban streams are both retention points and interfaces between 

highly populated landscapes (that may be major sources of microplastic emissions) and 

downstream freshwater systems. In high population areas, microfibers might be continuously 

released into the atmosphere from wearing textiles (De Falco et al., 2020) and into waterways 

from wastewater effluents that are rich in these microparticles due to textile laundering 

(Hernandez et al., 2017). Plastics enter and accumulate in the environment as litter or 

unintentionally leaked waste in cities, where they can subsequently degrade into smaller 

microplastics and nanoplastics (Alencar et al., 2022). Microplastics from vehicle wear can also 

be prevalent in major cities that are typically high traffic areas (Goehler et al., 2022). 
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Furthermore, higher levels of impervious surface area from urbanization can facilitate the entry 

of microplastics into waterways as decreased infiltration enhances surface runoff. 

Despite their vital role as interfaces between pollution sources and downstream 

environments, smaller urban freshwater systems have rarely been the subject of detailed 

spatiotemporal assessments of microplastic pollution (Fan et al., 2022). Many studies focus on 

longitudinal gradients (i.e., upstream to downstream) or seasonal variations (e.g., examination of 

one sample per 2-4 seasons), but higher resolution spatial and temporal studies are both less 

common for freshwater catchments (Range et al., 2023). These long-term, higher resolution 

investigations may be less frequently conducted due to the time-consuming nature of 

microplastic analysis for large quantities of samples. However, improved understanding of 

spatiotemporal variation in microplastics across small urban headwater systems is necessary. 

Due to their upstream positioning and possible enhanced retention of pollutants, these smaller 

hydrologic settings might be key locations where implementation of filtration systems or other 

remediation efforts can have the greatest benefit to reduce downstream microplastic 

concentrations. 

To improve our understanding of spatiotemporal microplastic variation in freshwater 

systems, a small urban watershed was investigated over a 1-year period in this study. In addition 

to microplastics, we examined other anthropogenic microparticles (e.g., modified cotton 

microfibers), which are common in the region (see Chapters 4 and 5) and have potential 

deleterious impacts on ecosystem health that are similar to microplastics (Athey and Erdle, 2022; 

Kim et al., 2021). We assessed these long-term spatiotemporal distributions of microplastics and 

other anthropogenic microparticles in both water and sediment across our selected watershed.  
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2.3. Materials and Methods 

2.3.1. Study Area 

 Our selected study site was the Deer Creek watershed near St. Louis, Missouri, United 

States. Deer Creek drains 95.8 km2 of 99.8% urban land into the Mississippi River via the River 

des Peres (Fig. 2.1. (A); Dewitz, 2023). Ten sites along Deer Creek and three of its tributaries 

were selected for representative sampling across the catchment (Fig. 2.1.). When possible, 

sampling sites were collocated with United States Geological Survey (USGS) gage stations to 

allow for the acquisition of discharge data for comparison to our measured anthropogenic 

microparticle quantities. The rest of the sites were evenly distributed along the remainder of the 

mainstem of Deer Creek. Some reaches of the stream fall along a border between limestone and 

shale lithology, resulting in historic (i.e., mostly filled) sinkholes along the main channel in the 

lower and middle portions of the watershed (Fig. 2.1. (B); MoDNR, 2020; MSDIS, 2019). 

While the entire watershed features developed land, individual sites have unique land use 

characteristics (Fig. 2.1. (C)). These attributes include sites in largely industrial/commercial 

areas (sites A-C), a site bordering an active demolition landfill (site D), sites near lower intensity 

residential areas, parks, or schools (sites E, H-J), a site on a golf course (site F), and a site located 

in restored natural forest and prairie lands (site G; Fig. 2.1. (C)). Sewer overflows, which can be 

point sources of microplastic pollution, were historically prevalent along the Deer Creek 

mainstem and Black Creek tributary (MSD, 2025; Zhou et al., 2023). Many of these overflows 

have been removed, but outfalls for combined sewer overflows (CSOs), stormwater, and process 

water (largely from golf courses) are still present in the watershed, particularly along Black 

Creek and its tributaries (Fig. 2.1. (C)). 
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Figure 2.1. (A) The Deer Creek watershed, our sampling sites (with those collocated with USGS 
gage sites indicated), and the weather station on a land cover map of the St. Louis region 
(Dewitz et al., 2023; IEM, 2025). (B) Lithology of the Deer Creek watershed, including 
suspected sinkhole locations and labelled study sites (MoDNR, 2020; MSDIS, 2019). (C) Land 
use within the Deer Creek watershed, including point data for outfalls from the United States 
Environmental Protection Agency’s (USEPA) National Pollutant Discharge Elimination System 
(NPDES) permits (MoDNR, 2021; Saint Louis County GIS Service Center, 2021) and labelled 
study sites. 
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2.3.2. Sample Collection 

 All ten sites in Deer Creek were visited monthly for 1 year (November 2021 through 

October 2022; see Table 2.S1. for the sample dates) during baseflow conditions (i.e., > 3 days 

since the last precipitation event) to collect water and sediment samples for anthropogenic 

microparticle analysis, with sample collection progressing from the downstream to upstream 

monitoring locations. Water grab samples (~ 2 L; n = 120) were obtained with two 1-L amber 

glass bottles that had been triple rinsed with filtered distilled deionized (DDI) water then triple 

rinsed with stream water before the water samples were attained. Sediment samples (~ 1 kg;  

n = 120) were collected from the streambed using a custom 74-80 µm mesh Hess sampler into  

1-L glass jars (a detailed explanation of this method is provided in Hernandez and Hasenmueller, 

2024). Each sediment sample was a homogenization of subsamples taken at three points evenly 

spaced across the channel width, which was performed to account for intra-site variability. The 

stream water depth was measured at each subsampling site. 

 Weekly water samples (n = 39) and biweekly sediment samples (n = 18) were collected 

throughout the study period using the same methods at a mid-watershed site (site G; Fig. 2.1.; 

see Table 2.S1. for the sample dates). This sampling regime at site G was used to assess 

variations in anthropogenic microparticles in the two environmental compartments at higher 

temporal resolution. The weekly sampling protocol had no strict requirement of baseflow 

discharge, though the samples were generally obtained at low flow conditions. Since site G was 

also visited during the monthly sampling events, we collected a total of 51 water samples and  

30 sediment samples from the site throughout the year-long study period. On every sampling 

occasion, an additional sample of stream water was acquired for analysis of total suspended 

solids (TSS) using polyethylene (PE) bottles that were triple rinsed in filtered DDI water, then 

triple rinsed with stream water. 
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2.3.3. Anthropogenic Microparticle Characterization 

2.3.3.1. Environmental samples 

 To characterize anthropogenic microparticles in our two environmental sample types, 

water samples were directly vacuum-filtered using an all-glass apparatus, while the sediment 

samples (~ 250 g subsets) were dried and density separated with a sodium chloride (NaCl) 

solution, then the supernatant was vacuum-filtered in the same manner as the water samples. The 

full density separation process for the sediment is described in Hasenmueller et al. (2023). Each 

filter was then visually inspected for humanmade microparticles, which were defined as 

“anthropogenic” if they had no organic structures, no tapering fibers, resistance to breakage, and 

synthetic colors (i.e., obviously dyed colors were presumed to be anthropogenic). These 

anthropogenic microparticles were photographed and characterized by their morphology (e.g., 

fiber, film, or fragment), size (i.e., length measured along their longest axis), and color. Because 

no further analysis of material type was performed, these microparticles are referred to as 

“anthropogenic microparticles”, although microplastics are expected to comprise a portion of the 

total anthropogenic microparticles identified. Indeed, ~ 9% of the anthropogenic microparticles 

in sediment at site B (n = 37) were analyzed with micro-Fourier Transform Infrared (µ-FTIR) 

spectroscopy, and plastic material types made up 51% of the anthropogenic microparticles in this 

subsample (see Chapter 4). 

2.3.3.2. Quality assurance and quality control measures 

 To avoid contamination of the environmental samples by ambient anthropogenic 

microparticles, several quality assurance and quality control practices were employed for our 

study. All surfaces in the laboratory were wiped down three times and glassware was triple 

rinsed with filtered DDI water before any sample handling. Glassware openings were covered 

with aluminum (Al) foil when samples were not actively being processed to avoid anthropogenic 
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microparticle contamination through deposition from the ambient air in the laboratory. The 

filtration and density processing steps for the environmental samples were performed inside a 

fume hood. Throughout sample processing, 100% cotton and bright-colored attire was worn to 

facilitate identification of contamination from clothing. 

Field and laboratory blanks were collected and examined to account for contamination in 

the environmental samples. Field blanks were taken during 10 of the 12 monthly sampling events 

at site G (i.e., the mid-watershed site), except for one field blank taken at site H in July 2021. 

Field water blanks consisted of 2-L of filtered DDI water stored in two clean 1-L amber glass 

bottles poured into two new and clean 1-L amber glass bottles on-site. Laboratory blanks for 

water consisted of bottles of filtered DDI water that were processed through the vacuum-

filtration system alongside field samples, with 10 laboratory water blanks collected throughout 

the project. Sediment laboratory blanks were obtained by processing the NaCl solution in the 

same series of separation and filtration steps as the sediment samples, with six laboratory 

sediment blanks collected throughout the project. From our full suite of blanks, a limit of 

detection (LOD) was calculated as the average of all blanks for a respective sample type plus 

three times the standard deviation of the blanks. The compartment LODs were calculated with 

total numbers of anthropogenic microparticles per sample and rounded to a whole number (see 

Table 2.S2.). Any sample with a total count of anthropogenic microparticles that was below the 

LOD value for that type of environmental compartment was reported as containing zero 

anthropogenic microparticles. 

To assess the variability of the environmental samples, field replicates were taken during 

both the watershed-wide and high frequency sampling events. However, the data for the water 

replicates are unreported as all their values were below the LOD. For the sediment, we collected 

a second homogenization of the same three points across the stream channel that were obtained 
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for the first sample. In total, we collected 18 of these field sediment replicates, with 14 acquired 

during the monthly sampling across nine of the sites and four acquired during the biweekly 

sampling at site G. Field replicate results were averaged for the final value for samples that 

featured replication. If one replicate was above the LOD, but the average of both replicates 

resulted in a total anthropogenic microparticle number below the LOD, the reported sample 

value was corrected to zero anthropogenic microparticles. 

To determine how well the homogenization of sediment at three points across the 

streambed represented cross-channel variation, separate (i.e., non-homogenized) sediment 

samples of ~ 1 kg at each of the three points across the stream channel were taken as cross-

channel subsamples to compare to the homogenized sediment samples. These cross-channel 

subsamples were obtained on eight occasions during the monthly sampling campaigns at five of 

the sites (n = 24 subsamples) and three times during biweekly sampling campaigns at site G  

(n = 9 subsamples). These separate subsamples are not averaged into the reported values for their 

associated homogenized sediment samples. 

2.3.4. Collection of Additional Physicochemical Data for the Stream 

In situ monitoring of water physicochemical parameters (e.g., temperature, specific 

conductivity, and chloride (Cl-)) was performed using a handheld YSI Professional Plus 

Multiparameter Instrument. Additional water samples were analyzed for total suspended solids 

(TSS) following United States Environmental Protection Agency (USEPA) Method 160.2 

(USEPA, 1971). We analyzed sediment grain size (n = 120) for the monthly sediment samples 

across all the watershed sites using the sediment that remained after the ~ 250 g subsample for 

anthropogenic microplastic analysis had been removed (the grain size analysis method is 

described in detail in Hasenmueller et al., 2023). For the six sites collocated with USGS gaging 

stations (i.e., gage numbers 07010086, 07010075, 07010055, 07010082, 07010070, and 
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07010061), discharge data were collected throughout the study period (USGS, 2025). Hourly 

precipitation data were acquired from an Automated Surface Observing System unit located at 

the St. Louis Lambert International Airport. These precipitation data were downloaded from a 

historical data archive (Iowa Environmental Mesonet (IEM), 2025). 

2.3.5. Data Analysis 

The percentage of developed land for each subwatershed draining to a given sample site 

was calculated using the methods of Lockmiller et al. (2019) and data from the National Land 

Cover Database (Dewitz, 2023; NLCD, 2019). The number of point source pollution inputs in a 

2-km radius buffer around each sampling site was calculated using data from the USEPA 

National Pollutant Discharge Elimination System (NPDES) permits (MoDNR, 2021). Since 

outfall remediation has been ongoing in the watershed, NPDES data might contain some 

historical outfalls that could have contributed to legacy pollution in addition to outfalls which 

were active at the time of sampling. Statistical relationships among the data were tested using 

nonparametric Spearman’s rank correlations and pairwise Wilcoxon tests (with α = 0.05). All 

statistical analyses were performed in R and Microsoft Excel. Figures were created using ArcGIS 

Pro Version 3.0.3, R, and Microsoft Excel. 
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2.4. Results 

2.4.1. Sample Conditions and Representativeness 

 All the monthly spatial samples were taken from the watershed at least 3 days since the 

last rainfall event and thus reflected the seasonal baseflow discharge. Discharge at the mid-

watershed site G for these monthly samples ranged 0.0-0.11 m3/s (Table 2.S1.). The highest 

discharge during monthly sampling occurred in February 2022, when snowfall occurred 2 days 

prior to the sampling event and the stream’s discharge was consequently elevated slightly from 

baseflow due to snowmelt (Table 2.S1.). For the higher temporal resolution samples at site G, 

some sampling dates occurred when precipitation had happened within the past 24 h, with the 

highest observed discharge of 0.80 m3/s occurring in March 2022 (Table 2.S1.). While all the 

temporal samples were taken during relatively low flow conditions (i.e., < 1 m3/s), they included 

sampling events during the return to low flow after high-magnitude discharge events (e.g., the 

record-breaking July 2022 flood event (Criss et al., 2022; Table 2.S1.). The water quality 

parameters varied most in winter months when road deicing activities elevated the stream’s 

specific conductivity and TSS values (Table 2.S1.). 

The field replicates that homogenized sediment across three points in the channel (Fig. 

2.S1.; Fig. 2.S2.) and the separate subsamples (i.e., non-homogenized) that individually 

compared the three channel sampling points (Fig. 2.S2.; Fig. 2.S3.) were taken to determine the 

representativeness of the homogenized sediment sampling method. The average percentage 

difference between field replicates and the corresponding initial homogenized sediment samples 

was 32%, with the greatest differences occurring when one replicate was below the LOD and the 

other was above the LOD (which happened on three occasions). The average of the three 

individual (i.e., non-homogenized) sediment samples taken across the channel was within  
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30 counts/kg of the cooccurring homogenized composite sample, with one exception in February 

2022 (Fig. 2.S2.; Fig. 2.S3.). Winter months (December through February) typically had the 

largest differences between the three individual samples across the channel and their 

corresponding homogenized samples (Fig. 2.S2.; Fig. 2.S3.). 

The anthropogenic microparticle distribution across the stream channel did not seem to 

be related to the attributes of the channel’s profile at a given site, with neither deeper nor 

shallower portions of the channel consistently exhibiting elevated anthropogenic microparticle 

levels (Fig. 2.S3.). The dominant anthropogenic microparticle make up (i.e., > 50% black, blue, 

and/or clear fibers) was typically comparable between the field replicates, but less common 

anthropogenic microparticle attributes (e.g., unique colors) were often not shared between the 

field replicates (Fig. 2.S1.). While the cross-channel variations of a particular sampling site 

cannot be accurately represented without more comprehensive sampling, we found that our 

homogenization approach represented the overall anthropogenic microparticle quantities and 

characteristics at a given site by smoothing differences across the stream channel. 

2.4.2. Anthropogenic Microparticle Content in Stream Water and Sediment 

 Across the monthly watershed baseflow samples (n = 120 each for water and sediment), 

only 2% of water samples (n = 2) were above the LOD, while 92% of sediment samples had 

detectable anthropogenic microparticle levels (n = 110; Table 2.S3.). Monthly water samples had 

an average and standard deviation of 0.1 ± 0.5 counts/L, while monthly sediment samples were 

61.9 ± 39.9 counts/kg (Table 2.S3.). None of the weekly site G (i.e., mid-watershed) water 

samples (n = 39) were above the LOD, even though these samples spanned a slightly wider range 

of hydrologic conditions than the monthly samples across the watershed. In contrast,  

67% (n = 12) of the biweekly mid-watershed sediment samples (total n = 18) were above the 

LOD (Table 2.S1.). These biweekly sediment samples at site G contained 22.5 ± 23.2 counts/kg, 
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and, across all samples from site G (n = 30, including monthly samples), the sediment contained 

35.6 ± 33.4 counts/kg (Table 2.S1.). The only site with anthropogenic microparticles above the 

LOD in water was site E (Sebago Creek) in December 2021 (which featured the maximum 

observed value of 4.1 counts/L) and September 2022. The maximum quantity of anthropogenic 

microparticles identified in sediment was 188.6 counts/kg at site B in February 2022 (Table 

2.S3.). 

Clear and blue fibers were consistently the most common anthropogenic microparticles 

identified in the baseflow spatial water samples (respectively 40% and 47% of n = 15 

anthropogenic microparticles), watershed-wide sediment samples (respectively 50% and 30% of 

n = 1779 anthropogenic microparticles), and biweekly sediment samples taken at site G 

(respectively 35% and 27% of n = 99 anthropogenic microparticles, not including the monthly 

samples at site G; Fig. 2.2.). The average and standard deviation of the sediment anthropogenic 

microparticle sizes in the monthly samples across the watershed and biweekly samples at site G 

were 1352.4 ± 880.9 µm, while the average and standard deviation of the water anthropogenic 

microparticles sizes from monthly spatial samples across the watershed were 1166.2 ± 651.3 µm 

(the weekly water samples at site G were all below the LOD and thus were not included in this 

calculation). 
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Figure 2.2. (A) The characteristics of anthropogenic microparticles in biweekly mid-watershed 
sediment samples (left) and across the 10-site monthly watershed-wide samples in sediment 
(middle) and water (right). (B) Images of anthropogenic microparticles from site B sediment 
samples that were identified with µ-FTIR in Chapter 4 (left) and from site A and G sediment 
samples and site E water samples that have not been characterized for material types (right) are 
provided. The photo sizes are all 1 mm by 1 mm for scale. 
 

2.4.3. Spatial Trends in Anthropogenic Microparticles in Stream Sediment 

Anthropogenic microparticle concentrations increased downstream in the watershed, 

having their highest averages at site A (92.6 ± 42.7 counts/kg), site B (85.0 ± 53.1 counts/kg), 

and site C (79.3 ± 32.5 counts/kg; Fig. 2.3.; Table 2.S3.). On a monthly basis, the highest 

anthropogenic microparticle level always occurred in one of the five downstream-most sites 

(most commonly at site A or site B; Table 2.S3.). Unique spatial profiles occurred in the spring 
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months (e.g., May 2022, when the highest anthropogenic microparticle levels occurred in mid-

watershed site E) and summer months (e.g., in June 2022 and July 2022, when relatively low 

levels of anthropogenic microparticles were observed across all sites; Fig. 2.S4.). Via pairwise 

Wilcoxon tests, downstream site A, site B, site C, and site E had significantly higher 

anthropogenic microparticle content in the sediment than upstream site I and site J (Table 2.S4.). 

The strongest explanatory variable for the spatial distribution of anthropogenic 

microparticles in Deer Creek sediment was river kilometer values (i.e., the distance from each 

site to the outlet), which were strongly, significantly, and negatively correlated with sediment 

anthropogenic microparticle values averaged by site (Spearman’s ρ = -0.97; Fig. 2.3. (C)). The 

number of nearby point source pollution outfalls had a significant and positive correlation with 

sediment anthropogenic microparticles at each site (Spearman’s ρ = 0.73; Fig. 2.3. (C)). 

However, the percentage of developed land in each subwatershed had no correlation with 

anthropogenic microparticle distribution in the sediment across the Deer Creek watershed. 

Anthropogenic microparticle content in sediment across the basin sites was typically higher 

when sediment grain sizes were smaller (which was assessed through d10, d25, and d50 values), 

but none of these trends were significant (Fig. 2.S5). We found no significant differences in the 

proportions of fiber versus non-fiber or colorless versus colored anthropogenic microparticles by 

site (Fig. 2.S6.) as anthropogenic microparticle characteristics in the sediment were similar 

across the watershed. 
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Figure 2.3. (A) The average anthropogenic microparticle values for the monthly spatial 
sediment samples across Deer Creek on a watershed map. (B) The distribution of anthropogenic 
microparticle concentrations for the sediment samples at each site for the 12 monthly sampling 
events. (C) Comparisons of average anthropogenic microparticle content at each site with the 
site’s distance from the outlet and point source pollution inputs.  
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2.4.4. Temporal Trends in Anthropogenic Microparticles in Stream Sediment  

Sediment anthropogenic microparticle concentrations and variability were highest across 

the 10 watershed sites in all the winter months and some spring months, but these values 

decreased in the late spring and early summer (Fig. 2.4.). Using pairwise Wilcoxon tests, we 

found that no month had significantly higher or lower levels of anthropogenic microparticles in 

the sediment than any other month. We also saw no significant differences in the proportions of 

fiber versus non-fiber or colorless versus colored anthropogenic microparticles by month (Fig. 

2.S7.) as anthropogenic microparticle characteristics in the sediment were similar across the 

study period. 
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Figure 2.4. (A) Boxplots for the sediment anthropogenic microparticle content across the 10 
baseflow sampling sites each month. (B) The temporal behavior of anthropogenic microparticles 
in sediment at each site. (C) Comparisons of the sediment anthropogenic microparticle content 
with additional variables that featured significant relationships (i.e., water temperature and 
TSS). 
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Though many temporally fluctuating variables were examined, including weather data 

(e.g., precipitation and wind speed), streamflow metrics (e.g., discharge during, 3 days before, 7 

days before, and 20 days before each sampling event), and stream water physicochemical 

parameters (e.g., specific conductivity and Cl-), only two parameters had minor significant trends 

with the sediment anthropogenic microparticle flux over time. Water temperature had a 

significant and negative correlation with the sediment anthropogenic microparticle content that 

was averaged for all sites for each month (Spearman’s ρ = -0.46; Fig. 2.4. (C)). The same 

relationship was present for the entire dataset (i.e., when the data were not averaged by month; 

Spearman’s ρ = -0.24; Fig. 2.4. (C)), but the strength of the correlation decreased. Across the 

complete dataset, anthropogenic microparticles in sediment also had a significant and positive 

relationship with TSS (Spearman’s ρ = 0.23; Fig. 2.4. (C)). 

The biweekly sediment samples were taken at mid-watershed site G to capture a higher 

temporal resolution dataset compared to the monthly watershed samples. However, they lacked a 

clear trend with time (Fig. 2.5.). Although these biweekly sediment samples encompassed the 

same range of stream temperature and TSS values across the year as the watershed-wide 

samples, these parameters had no trends with site G’s sediment anthropogenic microparticle 

content. No correlations were present between anthropogenic microparticles in sediment at site G 

and discharge at or in the days leading up to sampling, despite the slightly larger range in 

discharge values during the collection of these samples (Fig. 2.5.; Table 2.S1.). 
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Figure 2.5. (A) The full dataset for the higher resolution (i.e., biweekly and monthly) sediment 
samples taken at site G, with corresponding discharge and precipitation data shown. (B) A close 
view of the highest anthropogenic microparticle content found in the sediment in February 2022 
(left) and the largest precipitation and discharge events in late July 2022 and early August 2022 
(right). 
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2.5. Discussion 

2.5.1. Concentrations and Characteristics of Anthropogenic Microparticles in Urban 

Watersheds 

 The range of anthropogenic microparticle concentrations found in our sediment samples 

(0-188.6 counts/kg; Table 2.S3.) is comparable to other global studies of freshwater catchments. 

However, differences in the lower size limits for anthropogenic microparticle detection and 

sediment sampling methods complicate the comparison of totals among studies. Indeed, some 

studies that used methods that can detect anthropogenic microparticles of < 100 µm (which was 

our lower size limit) found concentrations of these microparticles in sediment that were orders of 

magnitude higher than those found in this study (Skalska et al., 2020). Our finding of low levels 

of anthropogenic microparticles in the water (0-4.1 counts/L) compared to the sediment is 

consistent with earlier research comparing the two compartments (e.g., Dahms et al., 2020; 

Scherer et al., 2020). Sampling higher volumes of water with a pump method (rather than the 2-L 

grab sampling technique we used) might allow for the detection of anthropogenic microparticles 

above the LOD and facilitate the spatiotemporal analysis of their variation in water, which was 

not possible with our dataset due to the low number of water samples with detectable 

anthropogenic microparticle levels. 

The anthropogenic microparticle content reported in the bed sediment of Deer Creek is at 

higher levels than what prior research has found in the nearby but larger Meramec River (where 

a maximum of 8.3 counts/kg in sediment was observed; Baraza and Hernandez et al., 2022). 

Higher anthropogenic microparticle content in the sediment of small headwater stream systems 

compared to large rivers has been predicted by multiple prior modeling studies because of the 

potentially longer residence time and accumulation of these microparticles in the channel bed 

due to the lower flow conditions of headwater streams (De Arbeloa and Marzadri, 2024; 
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Drummond et al., 2022). Other field studies have also indicated higher microplastic content in 

headwater and tributary streams compared to larger mainstem waterways in both water and 

sediment (Feng et al., 2023; Luo et al., 2024). These potential retention and accumulation 

processes in headwater stream systems might therefore drive the difference between 

anthropogenic microparticle quantities in the sediment of these two proximal lotic systems. The 

long-term storage of anthropogenic microparticles in headwater stream sediment that can later be 

released to downstream environments (i.e., by flood events; Hurley et al., 2018) is a concerning 

implication of our study findings. 

The predominance of fibers among the anthropogenic microparticles across various 

environmental compartments has been seen globally (Athey and Erdle, 2022). Other studies of 

water and sediment in both surface water and groundwater systems in the St. Louis region also 

found > 90% microfibers (Baraza and Hernandez et al., 2022; Hasenmueller et al., 2023; 

Hasenmueller and Ritter, 2024; Hernandez and Hasenmueller, 2024). Although only a portion of 

our study’s anthropogenic microparticles from the sediment of a single site were analyzed for 

material types as part of a separate study (see Chapter 4) we can theorize that the 51% synthetic 

and 24% cotton materials found at site B might extend to other sites across the Deer Creek 

watershed. Among the synthetic materials identified in stream water and sediment samples, 

polyethylene terephthalate (PET) is the most common, not only in the preliminary subset of 

sediment anthropogenic microparticles analyzed at site B (see Chapter 4) but also in other 

regional studies of Mississippi River water (Rochman et al., 2022) and the St. Louis urban 

atmosphere (see Chapter 5). Prevalent microfibers of both synthetic (i.e., PET) and modified 

natural (i.e., cotton) materials are likely sourced from textile use (De Falco et al., 2020) in the 

highly populated St. Louis area. 
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2.5.2. Drivers of Spatiotemporal Anthropogenic Microparticle Distributions in Stream 

Sediment 

 Over the study period, the average anthropogenic microparticle content in our streambed 

sediment sampling locations increased from upstream to downstream in the Deer Creek 

watershed (Fig. 2.3.). This spatial pattern has been observed previously in surface water and 

sediment across catchments (Matjašič et al., 2022). However, prior research has also 

occasionally found the opposite longitudinal pattern in stream sediment, which has been 

attributed to dams or retaining walls that limit the flow of anthropogenic microparticles 

downstream (Scherer et al., 2020). 

In the Deer Creek watershed, the longitudinal gradient (i.e., upstream to downstream) co-

occurs with a transition from less dense residential neighborhoods to commercial and industrial 

land uses, including an increasing prevalence of outfall locations for various anthropogenic 

discharge types that might be point sources of microplastic pollution (Fig. 2.1. (C)). 

Relationships between land use elements (e.g., urbanization and point source pollution outfalls) 

and sediment microplastic concentrations have been found by various previous studies, 

independent of any longitudinal gradient (Baraza and Hernandez et al., 2022; de Carvalho et al., 

2021). The observed spatial pattern in sediment anthropogenic microparticles might therefore be 

partially caused by the locations of development and point source pollution outfalls in the 

watershed. Implementation of filtration systems at point outfalls may accordingly be an effective 

management strategy to reduce further inputs of pollutants to the watershed. 

Still, the strongest correlation occurred between anthropogenic microparticles and a given 

sample site’s distance upstream of the mouth (Fig. 2.3. (C)). This outcome suggests that the 

erosion to deposition profile along the stream’s longitudinal gradient is also a driving factor of 

the anthropogenic microparticle abundances in watershed sediment. Our hypothesis is further 
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supported by sediment grain size data demonstrating that depositional processes may be more 

prevalent at some of the downstream sites that feature finer grain sizes, which might therefore 

retain anthropogenic microparticles more readily (e.g., site A and site C; Fig. 2.S5.). Thus, 

historic anthropogenic microparticle inputs (e.g., from point outfalls such as sewer overflows) 

may have been distributed into the observed spatial pattern as these contaminants gradually 

moved downstream to settle in depositional environments near the mouth of the watershed over 

time. 

Notably, some months (that mostly occurred in the summer) had spatial patterns with no 

clear longitudinal trend along Deer Creek (Fig. 2.S4.). This result suggests that the season in 

which sampling occurs might impact the observed spatial gradient, which is a crucial 

consideration for any study assessing the spatial distributions of microplastics. Our finding 

underscores the importance of long-term monitoring to identify broad patterns in microplastic 

distribution that might not be visible on short timescales or with single sampling events. 

 Unlike the more apparent spatial pattern observed in the sediment’s anthropogenic 

microparticle distribution across the watershed, the temporal variation of this contaminant suite 

had no clear drivers. Difficulty explaining the temporal variation in sediment anthropogenic 

microparticle levels is not unique to this study, with various assessments of stream sediment 

finding conflicting information about their anthropogenic microparticle content in wet versus dry 

seasons (He et al., 2019; Skalska et al., 2020; Wu et al., 2019). Additionally, while prior studies 

often compare wet and dry seasons and discuss quantities of rainfall, the impacts of snowfall on 

watershed anthropogenic microparticles are understudied. Snow and ice have nevertheless been 

shown to release high volumes of these microparticles to water during melting (Chand et al., 

2024; Karapetrova et al., 2024; Soininen et al., 2024). Indeed, the peak anthropogenic 
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microparticle content we saw after recent snowfall could be a result of short-term weather 

influences, but larger temporal trends are still obscure within the dataset (Fig. 2.4., Fig. 2.5.). 

 Minor correlations between sediment anthropogenic microparticle content and other 

stream physicochemical parameters (e.g., temperature and TSS; Fig. 2.4. (C)) may point to 

potential influences on the temporal flux of anthropogenic microparticles in sediment. The 

positive trend between sediment anthropogenic microparticle content and TSS is potential 

evidence that increased sediment transport in the stream’s water column might lead to enhanced 

deposition of anthropogenic microparticles into the bed sediment (Mancini et al., 2023; Soler et 

al., 2025). However, the negative trend between sediment anthropogenic microparticles and 

temperature is less easily explained. Summer months with warmer temperatures might have 

lower microparticle content due to variable deposition rates (see Chapter 5), or interactions with 

biota that are more active in warmer weather. Further research of temporal anthropogenic 

microparticle fluxes across stream systems impacted by both winter weather (including snowfall) 

and warmer, drier summers is needed to better understand anthropogenic microparticle 

suspension and deposition processes. 

Overall, the spatial patterns we observed in Deer Creek’s sediment anthropogenic 

microparticle distribution over time were valuable to identify the broader longitudinal gradient 

present across the watershed (which was not always apparent from individual sampling 

campaigns). Nevertheless, the drivers of temporal trends in sediment anthropogenic 

microparticle levels in the catchment were not made clearer either through our focus on a single 

site that was sampled at higher frequency over the year-long study period or through our 

consideration of the entire watershed during baseflow conditions (which was intended to remove 

the influence of short-term events like floods). Further work is needed to better understand the 

drivers of the long-term temporal fluxes of anthropogenic microparticles to and from stream 
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sediment. Our findings that anthropogenic microparticle levels fluctuated from below our 

method LOD to nearly 200 counts/kg in the stream’s bed sediment suggest that this 

environmental compartment can transition between a sink and source for these pollutants in 

small urban watersheds. 

2.6. Conclusions 

 Stream systems are key interfaces between terrestrial sources of anthropogenic 

microparticles and downstream environments. However, our understanding of the spatiotemporal 

variation in anthropogenic microparticles (including microplastics) in small urban headwater 

streams is lacking. We showed that watershed-scale sampling of an urban stream over a 1-year 

period can reveal broader spatial patterns in anthropogenic microparticle deposition within the 

watershed as well as highlight the times of year with unique spatial profiles. The gradient of 

anthropogenic microparticle distribution across the watershed was best explained by basin 

attributes, particularly the distance from a given sampling site to the stream’s outlet and the 

number of nearby point source pollution inputs. However, the temporal fluctuation in 

anthropogenic microparticle content in the sediment had unclear causes. Our understanding of 

the anthropogenic microparticle flux between stream sediment and water over space and time 

could be improved by a higher volume sampling method for the stream water that allows for 

improved anthropogenic microparticle detection in water samples with low concentrations of 

these pollutants. Nevertheless, our finding that anthropogenic microparticles are more prevalent 

at the stream’s outlet is useful to land managers for considering how to target remediation efforts 

that have the highest potential to reduce downstream concentrations of this contaminant suite. In 

particular, the relationship between anthropogenic microparticles in sediment and pollution 

outfalls might reveal a point source of these contaminants that could be managed to reduce 

inputs. 
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2.9.  Supplementary Materials 

2.9.1. Supplemental Tables 

Table 2.S1. Basic sampling information and stream physicochemical data for the high-resolution sampling campaign at site G.  

Date 
Sampling 
Strategy 

Days Since 
Last 

Rainfall 

Discharge at 9 
AM on the 

Sampling Date 
(m3/s) 

Discharge at the 
Time of the Site G 

Sample (m3/s) 

Sediment 
Anthropogenic 
Microparticles 

(counts/kg) 

Temperature 
(°C) 

Specific Conductivity 
(µS/cm) 

TSS 
(mg/L) 

2021-11-09  Site G 8 0.11 0.09 22.1 12.1 501.7 21.0 

2021-11-19 Site G 5 0.04 0.00 90.2 7.7 546.2 15.5 

2021-11-21 Full Watershed 7 0.01 0.01 95.9 10.0 676.6 12.0 

2021-12-14 Full Watershed 4 0.00 0.00 69.0 8.2 743.0 49.0 

2021-12-30 Site G 1 0.04 0.04 26.1 7.4 464.4 11.0 

2022-01-14 Full Watershed 5 0.01 0.01 60.1 3.8 1812 9.0 

2022-01-26 Site G 10* 0.03 0.01 0.0 2.8 1870 10.0 

2022-02-09 Site G 6* 0.38 0.31 24.2 2.1 2500 10.0 

2022-02-21 Site G 4* 0.17 0.20 0.0 8.9 1988 25.0 

2022-02-28 Full Watershed 4* 0.11 0.11 136.2 5.7 4940 9.0 

2022-03-07 Site G 1 1.41 0.80 28.9 7.9 1220 22.0 

2022-03-15 Full Watershed 4 0.08 0.07 0.0 11.7 2576 16.0 

2022-04-18 Site G 1 0.22 0.18 30.9 14.1 1010 6.0 

2022-04-27 Full Watershed 6 0.08 0.08 29.0 17.8 1074 8.0 

2022-05-04 Site G 1 0.11 0.09 31.2 16.0 799.0 3.5 

2022-05-11 Full Watershed 5 0.10 0.09 0.0 25.5 1270 1.0 

2022-05-16 Site G 10 0.04 0.05 23.6 25.7 1265 3.0 

2022-06-15 Full Watershed 5 0.03 0.03 43.4 31.0 1020 5.0 

2022-06-28 Site G 2 0.02 0.02 22.9 24.8 1170 6.0 

2022-07-15 Site G 3 0.01 0.01 0.0 24.4 842.0 10.0 

2022-07-21 Full Watershed 4 0.01 0.01 64.2 29.4 760.0 1.0 

2022-07-28 Site G 1 0.38 0.33 0.0 23.5 1193 9.0 

2022-08-01 Site G 4 0.02 0.02 64.2 29.8 858.0 12.0 

2022-08-09 Site G 1 0.10 0.07 26.5 26.5 934.0 11.0 

2022-08-12 Full Watershed 3 0.02 0.02 46.5 26.5 1000 4.0 

2022-09-01 Site G 4 0.02 0.01 0.0 27.3 870.0 36.0 
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Table 2.S1. Continued. 

Date 
Sampling 
Strategy 

Days Since 
Last 

Rainfall 

Discharge at 9 
AM on the 

Sampling Date 
(m3/s) 

Discharge at the 
Time of the Site G 

Sample (m3/s) 

Sediment 
Anthropogenic 
Microparticles 

(counts/kg) 

Temperature 
(°C) 

Specific Conductivity 
(µS/cm) 

TSS 
(mg/L) 

2022-09-09 Full Watershed 4 0.01 0.01 77.1 24.9 857.0 30.0 

2022-09-15 Site G 4 0.01 0.01 14.0 24.9 1653 11.0 

2022-09-26 Site G 3 0.01 0.01 0.0 19.9 846.0 9.0 

2022-10-17 Full Watershed 5 0.01 0.00 40.7 12.4 462.7 8.0 

*Indicates days when snowfall occurred more recently than rainfall.  
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Table 2.S2. The data used to calculate the LOD for each sample type. 

Blank Type 
Total Black Fiber Blue Fiber Blue Fragment Clear Fiber Pink Fiber Red Fiber 

(counts) (counts) (counts) (counts) (counts) (counts) (counts) 

Water Processing Blank 1 3 0 1 0 2 0 0 

Water Processing Blank 2 4 0 1 0 3 0 0 

Water Processing Blank 3 3 0 2 0 0 0 0 

Water Processing Blank 4 3 0 2 0 1 0 0 

Water Processing Blank 5 2 0 1 0 1 0 0 

Water Processing Blank 6 2 0 2 0 0 0 0 

Water Processing Blank 7 1 0 0 1 0 0 0 

Water Processing Blank 8 1 0 0 0 1 0 0 

Water Processing Blank 9 4 1 1 0 1 0 1 

Water Processing Blank 10 3 1 2 0 0 0 0 

November 2021 Field Blank 3 0 0 0 2 1 0 

December 2021 Field Blank 4 0 3 0 1 0 0 

January 2022 Field Blank 5 0 2 0 2 1 0 

February 2022 Field Blank 2 0 0 0 2 0 0 

March 2022 Field Blank 3 0 2 0 1 0 0 

May 2022 Field Blank 3 0 2 0 1 0 0 

July 2022 Field Blank 3 0 2 0 1 0 0 

August 2022 Field Blank 4 0 3 0 1 0 0 

September 2022 Field Blank 3 0 2 0 0 1 0 

October 2022 Field Blank 6 0 3 0 3 0 0 

Average 3.10       

Standard Deviation 1.18       

Water LOD 7       

Sediment Processing Blank 1 4 1 1 0 2 0 0 

Sediment Processing Blank 2 3 0 1 0 2 0 0 

Sediment Processing Blank 3 3 0 2 0 1 0 0 

Sediment Processing Blank 4 4 0 2 0 2 0 0 

Sediment Processing Blank 5 3 0 0 0 3 0 0 

Sediment Processing Blank 6 4 0 0 0 4 0 0 

Average 3.50       

Standard Deviation 0.50       

Sediment LOD 5       
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Table 2.S3. The concentration data for anthropogenic microparticles in sediment at each site for each sampling month, with the 
averages and standard deviations for each month and site on the left and bottom of the matrix, respectively. The units are counts/kg 
for all anthropogenic microparticle values. 

 A B C D E F G H I J 

Month 
Averages and 

Standard 
Deviations 

NOV 135.4 137.8 146.8 138.8 106.9 85.0 95.9 81.8 30.9 43.1 100.3 ± 38.7 

DEC 133.0 58.9 121.0 62.0 69.8 120.8 69.0 41.2 59.4 21.1 75.6 ± 35.2 

JAN 138.5 94.1 78.2 67.2 82.9 104.2 60.1 43.0 0.0 33.7 70.2 ± 37.1 

FEB 99.4 188.6 60.6 70.0 59.4 38.7 136.2 52.0 52.7 28.7 78.6 ± 47.0 

MAR 84.0 64.2 54.3 38.4 83.9 36.9 0.0 45.8 39.6 29.2 47.6 ± 24.2 

APR 80.0 180.5 101.7 93.7 47.0 0.0 29.0 0.0 62.0 58.9 65.3 ± 50.8 

MAY 63.3 45.9 47.6 77.4 150.1 41.5 0.0 47.3 53.1 26.9 55.3 ± 37.2 

JUN 47.3 72.6 43.8 25.9 41.8 42.3 43.4 46.5 31.5 40.2 43.5 ± 11.6 

JUL 23.6 65.5 50.6 24.6 43.3 43.2 64.2 48.5 36.1 28.8 42.8 ± 14.2 

AUG 65.2 22.6 111.1 113.8 48.2 35.6 46.5 72.2 35.2 51.7 60.2 ± 29.5 

SEP 175.5 63.7 51.3 53.1 77.4 34.9 77.1 123.4 14.4 48.3 70.5 ± 46.2 

OCT 66.3 25.6 84.3 0.0 28.5 0.0 40.7 73.0 0.0 0.0 31.8 ± 31.3 

Site 
Averages 

and 
Standard 

Deviations 

92.6 ± 42.7 85.0 ± 53.1 79.3 ± 32.5 63.7 ± 37.7 69.9 ± 32.3 48.6 ± 35.4 55.2 ± 36.7 56.2 ± 28.3 33.4 ± 21.7 34.2 ± 15.0  
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Table 2.S4. The p values for pairwise Wilcoxon tests of the differences among sites across the watershed. Significant p values are in 
bold. 

Site A B C D E F G H I 

B 0.62         

C 0.55 0.98        

D 0.33 0.65 0.54       

E 0.36 0.79 0.52 0.76      

F 0.07 0.16 0.05 0.53 0.16     

G 0.14 0.39 0.21 0.70 0.48 0.55    

H 0.09 0.38 0.16 0.75 0.53 0.25 0.86   

I 0.01 0.04 0.03 0.15 0.05 0.54 0.23 0.16  

J 0.01 0.03 0.01 0.15 0.03 0.48 0.16 0.09 0.70 

 

 
 
 

  



46 
 

2.9.2. Supplemental Figures 

 
Figure 2.S1. A comparison of the anthropogenic microparticle content and color-morphology proportions in sediment replicates. For 
both plots, each sample has two bars: the first replicate (R1, left) and the second replicate (R2, right).
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Figure 2.S2. The relationships between the homogenized field replicates of sediment (top) and 
the homogenized sediment samples compared to the averages of individual sediment subsamples 
taken across the channel (bottom). 
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Figure 2.S3. Individual subsamples of sediment from three points across the stream channel next 
to their average value and the corresponding value for a homogenized sediment sample for the 
(A) biweekly and monthly sampling at site G and (B) other sites across the watershed. The height 
of each bar indicates the anthropogenic microparticle concentration in each sediment sample 
and the percentage of each color-morphology type is indicated within the bar. On 15 March 
2022, at site G, all three triplicate samples and the homogenized replicate were below the LOD. 
This data is shown in Figure 2.S2. but not visualized here.   
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Figure 2.S4. Spatial trends in sediment anthropogenic microparticle levels for downstream (A) 
to upstream (J) sites for each month of sampling across the Deer Creek basin. 
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Figure 2.S5. The relationships between the sediment’s anthropogenic microparticle content and 
grain size attributes for each site. No significant trends were found. 
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Figure 2.S6. Boxplots of the percentages of less common anthropogenic microparticle attributes. 
The top boxplot demonstrates unique morphologies (i.e., films and fragments) and the bottom 
boxplot shows colored (i.e., non-clear) anthropogenic microparticles in the sediment by site. 
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Figure 2.S7. Boxplots of the percentages of less common anthropogenic microparticle attributes. 
The top boxplot demonstrates unique morphologies (i.e., films and fragments) and the bottom 
boxplot shows colored (i.e., non-clear) anthropogenic microparticles in the sediment by month. 
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CHAPTER 3: FLOOD EVENTS ENHANCE URBAN STREAM MICROPLASTIC 

TRANSPORT VIA CONTRIBUTIONS FROM RAINFALL AND SEDIMENT 

RESUSPENSION 

3.1. Abstract 

 Stream systems are major conveyers of microplastics (plastics < 5 mm) to downstream 

waterbodies. Flood events can mobilize these contaminants from storage compartments within 

watersheds, thereby increasing their transport to downstream habitats. In addition to 

microplastics, other harmful anthropogenic microparticles (e.g., dyed cotton fibers) can be 

moved at higher levels during flooding. Several sources are suspected of causing increased 

anthropogenic microparticle transport during flood events, including input from rainfall and road 

runoff as well as export from sediment storage. The goal of this study was therefore to examine 

the sourcing, timing, and extent of anthropogenic microparticle (including microplastic) transport 

during flood events in an urban stream (i.e., Deer Creek near St. Louis, Missouri, United States). 

High frequency samples of stream water were taken throughout four flood events. For each 

event, additional samples were collected for suspected sourcing components (e.g., rainfall, road 

runoff, and bed sediment before and after flooding). Anthropogenic microparticle concentrations 

increased from below the limit of detection (LOD) to detectable quantities during every flood 

peak, with the maximum anthropogenic microparticle content found in water at 17.4 counts/L. 

Anthropogenic microparticles were mostly fibers (96%) and plastics (84%) in the floodwaters 

and had significant and positive correlations with discharge and turbidity. High quantities of 

anthropogenic microparticles that were 99% fibers occurred in rainfall samples and in the 

floodwaters when the turbidity was low. Additionally, for every flood event, anthropogenic 

microparticles decreased from the pre-flood to the post-flood sediment samples obtained from 

the streambed (which were 97% fibers on average), suggesting that they could also be exported 
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from sediment storage and transported in turbid water during high flow. Given that the 

morphologies of the anthropogenic microparticles in floodwater were similar to the rainfall and 

sediment but not the road runoff (which was comprised of 63% fragments), our findings point to 

rainfall and export from bed sediment storage as the most likely sources of flood-transported 

anthropogenic microparticles. Our results confirm the significance of flood events as key movers 

of microplastics in urban streams. 

3.2. Introduction 

 The global ubiquity of microplastics and concerns about their impacts on human and 

ecological health are well established. Improved understanding of the movement of microplastics 

through the environment is therefore vital to inform microplastic pollution prevention strategies 

(Akanyange et al., 2022; Rochman, 2018). Importantly, streams can serve as conveyers and 

reservoirs of both macro- (≥ 5 mm) and micro- (< 5 mm) sized plastics (Drummond et al., 2022; 

van Emmerik et al., 2022). 

In stream systems, flood events may represent key moments that deliver new 

microplastics as runoff from land sources to the system as well as export microplastics out of 

burial in channel sediment storage when high flow mobilizes the bed material (Drummond et al., 

2022). Early evidence for floods as transporters of microplastics include microplastic export 

from sediment storage in streams because of these discharge events (Hurley et al., 2018) as well 

as microplastic accumulation in coastal sediment downstream of fluvial systems after long flood 

periods (Veerasingan et al., 2016). More recent studies have also identified higher levels of 

microplastics in water samples following flood events, though these observations include 

samples collected after multi-month flood seasons (i.e., not after a single flood; Gündogdu et al., 

2018; Lahon and Handique, 2024) and during the falling limb of individual flood events (e.g., de 

Carvalho et al., 2022). 
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Studies that employ high frequency sampling of microplastic fluctuations during floods 

that specifically capture discharge maxima have been uncommon but thus far demonstrate that 

microplastic content in water can peak and recede with discharge responses (Hitchcock, 2020; 

Baraza and Hasenmueller, 2023). However, research on large rivers has also identified alternate 

responses including dilution (i.e., lower levels of microplastics related to flooding; Scircle et al., 

2020) and chemostasis (i.e., no change in microplastic levels during flooding; Hasenmueller and 

Ritter, 2024; Treilles et al., 2022). Improved understanding of microplastic sourcing, 

accumulation, and mobilization by flood events is thus still needed (Drummond et al., 2022). 

Along with export of microplastics from sediment storage as a potential source into flood 

waters, flood events are accompanied by other key inputs of anthropogenic microparticles 

including wet atmospheric deposition and stormwater runoff (Abbasi, 2021; Sewwandi et al., 

2024). The profile of anthropogenic microparticles throughout floods may vary as these unique 

sources move through a watershed. Urban stormwater runoff can also contain higher levels of 

harmful contaminants (e.g., heavy metals; Wei et al., 2010) that might enhance the toxicity of the 

anthropogenic microparticles transported with urban runoff due to the adsorption of chemical 

contaminants (Rochman et al., 2014). The sourcing and conveyance of microplastics in water 

during high flow periods are thus recognized as areas requiring further study and potential 

intervention to reduce export of harmful microplastics downstream (Koutnik et al., 2021; 

Sewwandi et al., 2024). 

Microplastics comprise a portion of a larger suite of anthropogenic microparticles 

including environmentally prevalent semi-synthetic (e.g., rayon) and modified natural (e.g., dyed 

cotton) microfibers (Athey and Erdle, 2022; Finnegan et al., 2022). These non- or semi-synthetic 

microparticles are found to increase during peak flood conditions alongside microplastics 

(Baraza and Hasenmueller, 2023). Though microplastics are more frequently studied, non- or 



57 
 

semi-synthetic anthropogenic microparticles can also persist in the environment and impact 

organism health. We therefore need more holistic approaches to study the full suite of 

anthropogenic microparticles to accurately understand this group of contaminants (Adams et al., 

2021; Kim et al., 2021; Park et al., 2004; Sait et al., 2021; Sanchez-Vidal et al., 2018). 

Accordingly, the objective of our research is to clarify the sourcing and timing of 

anthropogenic microparticle conveyance by flood events. Anthropogenic microparticles 

(including microplastics and other humanmade materials that are < 5 mm) were quantified at 

high temporal resolution (< 1 h sampling increments) throughout four flood events in an urban 

stream near St. Louis, Missouri, United States. Flood events across multiple seasons and with 

varying peak discharge levels (~1-60 m3/s) were assessed to determine the influence of flood 

characteristics on anthropogenic microparticle transport. Additional samples of suspected 

sourcing compartments were also obtained, such as wet atmospheric deposition (i.e., rain), urban 

runoff from roads, and bed sediment before and after the floods, to compare the characteristics of 

anthropogenic microparticles between high flow samples from the stream and potential source 

samples. 

3.3. Materials and Methods 

3.3.1. Sampling Site 

Samples were collected from the Deer Creek watershed (Fig. 3.1.), which is located near 

St. Louis, Missouri, United States. Our sampling site was located in the middle of the catchment, 

~ 150 m upstream from a United States Geological Survey (USGS) gaging station (07010055; 

Fig. 3.1.), from which we obtained discharge data for our study. The landscape draining to our 

sampling site largely consists of lower intensity developed areas (i.e., residential zones), but it is 

also crossed by a major interstate (I-64; Fig. 3.1.). At and immediately upstream of the sampling 

site, the stream is within a private, protected area consisting of restored native prairies and forest 
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managed by the Litzsinger Road Ecology Center (an affiliate of the Missouri Botanical Garden; 

Fig. 3.1.). Downstream from the site, Deer Creek drains into the River des Peres and 

subsequently the Mississippi River. Sample collection took place during four floods with unique 

antecedent moisture conditions and flow attributes in October 2022, February 2023, April 2024, 

and July 2024 (Table 3.1.). 

 

Figure 3.1. The sampling site and USGS gage locations within the Deer Creek basin. The land 
use for the watershed is provided in the map (Dewitz, 2023). The inset map shows the location of 
the conservation area and interstate upstream of the sample site (Esri, 2024). 
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3.3.2. Sample and Data Collection 

3.3.2.1. Sample collection 

 Water and sediment samples were obtained from our Deer Creek monitoring site before, 

during, and following four flood events in October 2022, February 2023, April 2024, and July 

2024 (Table 3.1.). Prior to the collection of high temporal resolution water samples during each 

flood event, single pre-flood samples for both water and sediment were acquired at baseflow 

conditions. We define baseflow as the stream’s discharge level when precipitation had not been 

delivered to the basin for at least 3 days. Each baseflow water sample consisted of 2 L of water 

collected in two 1-L amber glass bottles that were pre-rinsed with filtered distilled deionized 

(DDI) water and the site water prior to sample collection. Each pre-flood sediment sample was 

taken by subsampling three evenly spaced points laterally across the channel using a custom 

Hess sampler with a 74-80 µm mesh. The three sediment subsamples were homogenized in a 

single 1-L glass mason jar to obtain a representative sample of the channel bed sediment prior to 

the flood event (see Hernandez and Hasenmueller, 2024, for additional method details). 

Table 3.1. Characteristics of each flood event.  

Attribute 
October 

2022 
February 

2023 
April 
2024 

July 
2024 

Time since last discharge event (days)a 34 14 7 4 

Event precipitation (mm) 61.7 23.1 25.1 52.1 

Peak discharge (m³/s) 13.0 15.3 1.7 61.7 

Peak TSS (mg/L) 471 1111 23 663 

Average baseflow water anthropogenic microparticle content (counts/L) 1.2 0.0 0.0 0.0 

Peak water anthropogenic microparticle content (counts/L) 17.4 15.5 6.5 13.5 

Average flood water anthropogenic microparticle content (counts/L) 5.5 1.2 0.6 2.3 

Rainfall anthropogenic microparticle content (counts/m²/h)b 164.5 355.8 6.0 233.0 

Road runoff anthropogenic microparticle content (counts/L) 16.2 0.0 n/a 0.0 

Anthropogenic microparticle loss from the sediment (counts/kg)c 122.8 23.9 19.1 54.8 

aDays since the last flood with a discharge response of > 1 m³/s. 
bThe methodologies for sampling atmospheric deposition varied over the study period, convoluting comparisons among floods. 
For the July 2024 flood, an average of two samples is presented. 
cCalculated by subtracting the post-flood sediment anthropogenic microparticle content from the pre-flood sediment 
anthropogenic microparticle content. 
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Following the pre-flood water and sediment sampling, an atmospheric deposition sampler 

that consisted of a funnel connected to a bottle (see Dris et al., 2016) was deployed at our site. 

The atmospheric sampling method varied slightly among our selected flood events. In October 

2022 and February 2023, atmospheric deposition samples were respectively taken using a plastic 

funnel and glass funnel, and we did not rinse any material deposited on the funnels into the glass 

sample collection bottles. In April 2024 and July 2024, a stainless-steel funnel and glass bottle 

were used for the atmospheric deposition sampling. We also used 100-mL of filtered DDI water 

to rinse anthropogenic microparticles from the funnel into the bottle before sample collection 

according to the method in Chapter 5. These varying techniques confound the comparison of 

anthropogenic microparticle quantities collected from atmospheric deposition across flood 

events. Atmospheric deposition samples were typically collected for at least 24 h, including dry 

deposition periods before and after rainfall. In July 2024, the 1-L glass bottle was full of rainfall 

after the first 5 h of sampling and a second bottle was placed out for the remainder of the event 

(Fig. 3.S1.). 

High frequency sampling of stream water during the flood events was performed using an 

automatic sampler (i.e., a Teledyne ISCO 6712 Full-Size Portable Sampler) with semi-opaque 

white polypropylene (PP) bottles (that had been triple rinsed with DDI) and clear polyvinyl 

chloride (PVC) tubing. The autosampler was programmed to rinse the entire tubing length before 

and after each sample collection with site water. These 1-L water samples were collected at  

< 1 h frequency during the rising limb and peak of the flood hydrographs, and the more 

protracted falling limb responses were captured with > 1 h frequency samples (Fig. 3.S1.). A 

total of 206 water samples (including both the hand-collected and autosampler samples) were 

obtained across the four floods. For each flood sample, approximately 120 mL was removed 

from the bulk sample for geochemical analyses. We analyzed 95 of the floodwater samples that 
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captured key moments throughout each discharge event for anthropogenic microparticles using 

the remaining ~ 880 mL (Fig. 3.S1.). 

During each flood event, a road runoff sample was collected from a storm drain near a 

bridge over Deer Creek that is downstream of the flood sampling site but located immediately 

next to the USGS gaging station (Fig. 3.1.). Each runoff sample was obtained in a 1-L amber 

glass bottle that was pre-rinsed three times with DDI water and runoff water prior to sample 

collection. During the smallest captured flood event in April 2024, the flow of water from the 

road was not sufficient to collect a runoff sample. Finally, the post-flood baseflow water and 

sediment samples were hand-collected with the same methodology as the pre-flood baseflow 

samples. The detailed timing of each sample type for the four floods as well as which in-flood 

samples were selected for anthropogenic microparticle analysis are presented in Fig. 3.S1. 

3.3.2.2. Water and sediment physicochemical data and analysis 

Water quality data (e.g., temperature, specific conductivity, and turbidity) were 

monitored at 5-minute intervals for each flood with a YSI EXO2 Multiparameter Sonde 

collocated with the autosampler. These continuous water quality data were drift-corrected using 

the R package driftR (Shaughnessy et al., 2019). The corrected specific conductivity data were 

used to perform hydrograph separations for each flood event (see Baraza and Hasenmueller, 

2023, and Hasenmueller et al., 2017, for the full hydrograph separation method; Fig. 3.S2.). 

Turbidity measurements obtained with a Hach 2100Q Portable Turbidimeter for all hand- and 

autosampler-collected water samples were used rather than the continuous data from the sonde 

for comparisons with the anthropogenic microparticle content. Water samples were analyzed for 

total suspended solids (TSS) in the laboratory following United States Environmental Protection 

Agency (USEPA) Method 160.2 (USEPA 1971). Pre- and post-flood sediment samples were 
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assessed for sediment grain sizes in the laboratory using the sieving method described in 

Hasenmueller et al. (2023). 

In October 2022, the in situ sonde stopped recording part-way through the flood, and 

specific conductivity and turbidity data had to be obtained in the laboratory from the water 

samples that were collected by the autosampler for the remainder of the flood (respectively using 

a Fisherbrand Accumet XL200 Benchtop pH/Conductivity Meter and Hach 2100Q Portable 

Turbidimeter). When we measured specific conductivity for samples collected while the sonde 

was still recording, we found that the field and laboratory results were comparable (Fig. 3.S3.). 

However, since the units for turbidity were not the same between the sonde (i.e., FNU) and 

turbidimeter (i.e., NTU), we used the more complete turbidimeter dataset to plot turbidity for the 

October 2022 flood for which the continuous data were incomplete (Fig. 3.S3.). 

Discharge data were collected from the nearby USGS gauge 07010055 at 5-minute 

intervals for each flood event (USGS, 2025). Hourly precipitation data were acquired from an 

Automated Surface Observing System unit located at the St. Louis Lambert International 

Airport. These precipitation data were downloaded from a historical data archive (Iowa 

Environmental Mesonet (IEM), 2025).  

3.3.3. Anthropogenic Microparticle Characterization 

3.3.3.1. Environmental samples 

 To isolate anthropogenic microparticles from our environmental samples, water samples 

were filtered using an all-glass filtration system. Sediment samples were dried at 55 °C, then a 

subset of ~ 250 g was removed for a density separation technique that employed a prefiltered 

1.20 kg/L NaCl solution (additional method details can be found in Hasenmueller et al., 2023). 

After the density separation was complete, the supernatant was filtered with the same filtration 

system as the water samples. The resulting filters for both the water and sediment samples were 
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visually inspected for suspected anthropogenic microparticles, which were identified by their 

lack of cellular/organic structures, color, and malleability/resistance to breakage. The suspected 

anthropogenic microparticles were photographed, categorized by their color and morphology, 

and measured along their longest axis. Suspected anthropogenic microparticles were then 

removed from the filters and stored in prefiltered 10% ethanol until further analysis. White 

fragments that had a similar appearance to shed pieces from the autosampler bottle lids were not 

counted in the total quantity of anthropogenic microparticles for any samples (see Baraza and 

Hasenmueller, 2023). 

 A ~ 8% subset (n = 15) of all visually identified and detectable anthropogenic 

microparticles (see Section 3.3.3.2. for details about our method detection limits) from stream 

water (n = 197) were analyzed for material type using a custom-built confocal Raman 

Spectroscopy system. The system includes a BX41 Olympus Raman Microscope, solid-state 

laser (ʎ = 532 nm beam that maintains a 1.50 mm diameter Gaussian profile), iHR550 

spectrometer (0.55 m optical length) with diffraction grating of 1800 gr/mm, and a Synapse CCD 

that maintained a constant operating temperature of - 70 °C. A front slit width of 200 µm, 

pinhole diameter of 400 µm, power of 15-50 mW, spectral range of 250-3500 cm-1, and 

acquisition times of 20-200 s were used for analysis. Horiba LabSpec software’s baseline noise 

correction method was applied to all spectra. 

The resulting spectra were uploaded to Open Specy to check for matches with publicly 

available anthropogenic microparticle libraries, employing automatic preprocessing steps of min-

max normalization, smoothing, and wavenumber conformation using linear interpolation 

(Cowger et al., 2021). If the Open Specy match value was > 0.6 and the top two matches were 

for the same material type, these matches were accepted. The match rate averaged at 0.79. All 
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particles that matched with cellulosic material (including both cellulose and cotton matches) 

were dyed with humanmade colors and were therefore called “anthropogenic cellulose”. 

3.3.3.2. Quality assurance and quality control measures 

 Steps to reduce the possible contamination of our environmental samples by ambient 

anthropogenic microparticles were taken throughout sample processing and included wearing 

100% cotton and bright colored clothing when handling samples, prefiltering all working 

solutions, triple rinsing glassware before use, and filtering samples within a fume hood. To 

assess potential contamination from the autosampler, two autosampler field blanks were 

collected using the onsite installation which consisted of pumping prefiltered DDI water from an 

amber glass bottle at stream level up to the autosampler location and into one of the PP 

autosampler bottles. Two laboratory autosampler blanks were also obtained, again with 

prefiltered DDI water pumped through the autosampler tubing into a PP bottle. For each 

autosampler blank, a 1-L bottle of prefiltered DDI water was used to rinse the tubing (during the 

pre-programmed rinse cycle used for all autosampler samples). The tube was then transferred 

into a new 1-L bottle of prefiltered DDI water for the collection of the blank. 

Procedural blanks for processing the water and sediment samples respectively consisted 

of taking pre-filtered DDI water or pre-filtered NaCl solution through the same processing steps 

as the environmental samples. Blank data were used to calculate a limit of detection (LOD) for 

each environmental sample type. The DDI water blanks were used for the rainfall, runoff, and 

flood water sample LOD calculations, while the NaCl solution blanks were used for the bed 

sediment sample LOD calculations. For each blank type, the LOD was equal to the average of 

the anthropogenic microparticles found in each blank plus three times the standard deviation. 

The LOD for each sample type was rounded to a whole number and any environmental sample 

with a total anthropogenic microparticle quantity below the LOD value was corrected to zero 
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prior to other data analyses. Samples that were corrected to zero were not considered detectable 

for the anthropogenic microparticle material type analyses described in Section 3.3.3.1. Blank 

information and LOD calculations for each sample type are provided in Table 3.S1. 

3.3.4. Data Analysis 

All statistical analyses were performed in R and Microsoft Excel. Nonparametric 

Spearman’s correlation analyses were used to test relationships among the data (with α = 0.05). 

Figures were created using ArcGIS Pro Version 3.0.3, R, and Microsoft Excel. 

3.4.  Results 

3.4.1. Flood Event Hydrologic and Physicochemical Responses 

 The four sampled flood events had unique antecedent moisture conditions and discharge 

responses (Table 3.1.; Fig. 3.2.). The October 2022 flood event followed the longest dry period 

and had the largest amount of rainfall, though the rainfall was spread over a longer period than 

any other event (Table 3.1.; Fig. 3.2.). These pulses of rain led to a long series of relatively small 

discharge peaks during the October 2022 flooding. The February 2023 flood took place after 

snowfall and road salting that elevated specific conductivity levels in the stream (Fig. 3.S2.). 

This event also featured ~ 2.5× higher peak TSS values compared to the October 2022 flood that 

had a similar peak discharge value (Table 3.1.). The April 2024 flood event featured the lowest 

peak discharge at 1.7 m3/s, despite having similar total precipitation to the February 2023 flood. 

Finally, the July 2024 flood was the largest sampled discharge event with peak flow of 61.7 m3/s, 

even though it had a lower precipitation total than the October 2022 flood and a lower peak TSS 

value than the February 2023 flood (Table 3.1.). While turbidity and TSS typically increased 

near discharge maxima during the flood events, the long October 2022 flood featured a discharge 

peak towards the end of the event that was not accompanied by high turbidity or TSS (Fig. 3.2.). 
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Figure 3.2. Discharge and precipitation (left) and anthropogenic microparticle content and 
turbidity (right) for the (A) October 2022, (B) February 2023, (C) April 2024, and (D) July 2024 
flood events. The turbidity for the October 2022 flooding response is from point measurements 
rather than continuous data and consequently has different units (see section 3.3.2.2.). 
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3.4.2. Anthropogenic Microparticle Content and Characteristics in Stream Water 

 Anthropogenic microparticles were found above the LOD in only 23% of water samples 

(n = 22), all but one of which were samples taken during high flow conditions. The October 2022 

flood event had the highest peak anthropogenic microparticle content (17.4 counts/L), highest 

average and standard deviation for anthropogenic microparticles across the non-baseflow 

samples (5.5 ± 6.1 counts/L), and the only baseflow sample with detectable anthropogenic 

microparticles, which occurred between the first rainfall and the onset of the discharge response 

(Table 3.1., Fig. 3.2.). While most samples with anthropogenic microparticle abundances above 

the LOD were collected during discharge and turbidity peaks, some samples with detectable 

anthropogenic microparticles were obtained on the rising or falling limbs of the respectively 

longer and larger discharge events in October 2022 and July 2024 (Fig. 3.2.). 

Most anthropogenic microparticles in the stream water samples were fibers (96% of the 

total anthropogenic microparticles detected; n = 197), and the most common fiber colors were 

clear, blue, and black (Fig. 3.3.; Fig. 3.4.). Anthropogenic microparticle lengths in the water had 

an average and standard deviation of 1127.5 ± 870.5 µm (Fig. 3.4.). Color-morphology 

combinations of the anthropogenic microparticles were most similar between the October 2022 

and April 2024 floods (i.e., a predominance of fibers that were clear and blue) and February 

2023 and July 2024 floods (i.e., more black fibers, red fibers, and yellow fragments; Fig. 3.3.). 

The subset of anthropogenic microparticles analyzed with Raman spectroscopy (n = 15) were 

78% polyethylene terephthalate (PET; matches also included polyester), 16% anthropogenic 

cellulose, and 6% PP (Fig. 3.3.). While PET was found during every flood event, PP was found 

only during the February 2023 flood, and anthropogenic cellulose was found only during the 

October 2022 and July 2024 flood events (Fig. 3.3.). 
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Figure 3.3. The percentage of each (A) color-morphology combination for the total 
anthropogenic microparticle content for water samples above the LOD and (B) material type 
found in the subset of anthropogenic microparticles analyzed with Raman spectroscopy for each 
flood event (sample numbers as n values are provided for both plots). (C) Example photos of 
anthropogenic microparticles with identified material types for each flood event, with the photo 
size being 1 mm by 1 mm for scale. 
 

3.4.3. Anthropogenic Microparticles in Potential Source Compartments 

 Of the sourcing compartments that we assessed, rainfall typically had the highest 

potential for contributing anthropogenic microparticles to the stream during a given flood event 

since it averaged 189.8 counts/m2/h across all four sampled discharge events. The attributes of 
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deposited anthropogenic microparticles from rainfall were similar to those found in the stream 

water samples, with mostly clear (61%) and blue (26%) fibers (Fig. 3.4.). The anthropogenic 

microparticle sizes in rainfall (878.3 ± 583.6 µm) were typically smaller than those in the stream 

water samples (average 1127.5 ± 870.5 µm; Fig. 3.4.). However, the differences in 

methodologies between the October 2022 and February 2023 versus the April 2024 and July 

2024 flood events affected the sizing distributions (Fig. 3.S4.). For the latter rainfall samples that 

were collected with a standard methodology, the average and standard deviation of 

anthropogenic microparticle size was significantly larger (974.5 ± 660.5 µm) than those 

collected earlier in our study (814.0 ± 516.0 µm; Fig. 3.S4.). During the July 2024 flood event, 

when two separate samples of atmospheric deposition were collected due to the high quantity of 

rainfall, the first sample had deposition rates almost twice as high (303.6 counts/m2/h) as the 

second sample (162.5 counts/m2/h). 

The quantities and characteristics of anthropogenic microparticles in the pre- and post-

flood sediment samples varied by flood. Though anthropogenic microparticle abundances and 

sizes always decreased between the pre- and post-flood sediment samples, the differences were 

not significant (Fig. 3.S5.; Fig. 3.S6.). The majority of anthropogenic microparticles in the 

sediment samples were clear fibers (45%), followed by blue fibers (33%; Fig. 3.4.), and these 

color-morphology combinations were similar before and after the flood events as well as to the 

stream water samples. Anthropogenic microparticles in sediment had significantly (pairwise 

Wilcoxon with p < 0.05) larger sizes than those in the rain, runoff, and stream water, averaging 

1296.3 ± 867.4 µm (Fig. 3.4.). The October 2022 flood had both the highest amount of 

anthropogenic microparticles present in the pre-flood sediment (226.1 counts/kg) and the largest 

amount of anthropogenic microparticles lost from the sediment when the post-flood sample 
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content was subtracted from the pre-flood sample content (122.8 counts/kg; Table 3.1.; Fig. 

3.S6.). 

 

Figure 3.4. (A) The percentage of each color-morphology combination for anthropogenic 
microparticles above the LOD in all compartments across all four floods, (B) example photos of 
common anthropogenic microparticle types in each compartment, with photo size being 1 mm by 
1 mm for scale, and (C) comparison of the anthropogenic microparticle sizing among the 
compartments across all four floods. 
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Road runoff had the lowest anthropogenic microparticle content of all the sources that 

were examined, with only one sample above the LOD (at 16.2 counts/L) that was collected 

during the October 2022 flood event. The majority of the anthropogenic microparticles in the 

runoff were fragments (63%; Fig. 3.4.). The prevalence of this anthropogenic microparticle 

morphology was unique compared to the other compartments, which were > 95% fibers. The 

average and standard deviation of the road runoff anthropogenic microparticle size was 749.7 ± 

276.3 µm (Fig. 3.4.).  

3.4.4. Relationships among Stream Physicochemical Parameters and Anthropogenic 

Microparticle Content and Attributes in the Water and Sediment 

 Anthropogenic microparticle concentrations in the stream water during all flood events 

correlated significantly and positively with discharge, the fraction of event water, TSS, and 

turbidity. The February 2023 and April 2024 floods had too few data points above the LOD to 

assess correlations for these events individually, but the October 2022 and July 2024 floods had 

at least five samples above the LOD that allowed for their individual assessments (Fig. 3.5.). In 

October 2022, significant and positive correlations occurred between anthropogenic 

microparticle concentrations and TSS as well as turbidity, while the significant relationships 

present in the July 2024 flood were positive correlations between anthropogenic microparticle 

concentrations and the fraction of event water as well as TSS (Fig. 3.5.). Specific conductivity 

had no relationship to anthropogenic microparticle content for individual floods or across the 

entire dataset. We found significant and positive relationships between the average size of 

anthropogenic microparticles in the stream samples and TSS for both the full dataset and the July 

2024 flood, but we did not see a correlation between these parameters for the October 2022 flood 

event (Fig. 3.5. (D)). 
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Figure 3.5. Correlations between anthropogenic microparticle content and (A) discharge, (B) 
the fraction of event water (Xe), and (C) TSS. (D) Average anthropogenic microparticle sizes and 
TSS for the stream water samples. Trends for the data from all four floods are shown with solid 
lines, while trends for individual flood events with at least five data points (i.e., those in October 
2022 and July 2024) are shown with dashed lines. 
 

 The anthropogenic microparticle content in pre- and post-flood sediment samples and the 

sediment grain sizes of each respective sample exhibited no obvious relationships across the four 

floods (Fig. 3.S6.). The flood events with the greatest loss of anthropogenic microparticles from 

the sediment (i.e., in October 2022 and July 2024; Table 3.1.; Fig. 3.S6.) both showed a decrease 

in their d10 values. In contrast, the February 2023 and April 2024 flood events saw relatively 

smaller losses of anthropogenic microparticles from sediment (< 25 counts/kg) and had notable 

losses of finer grained sediment from the streambed (i.e., increased d10 values) following 

flooding (Fig. 3.S6.). 
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3.5.  Discussion 

3.5.1. The Extent of Anthropogenic Microparticle Transport in Stream Water during 

Flood Events 

 Though we observed consistent increases in anthropogenic microparticle content in the 

flood waters of Deer Creek during each event regardless of the discharge maxima (Fig. 3.2.), the 

peak quantities of these microparticles present during high flow were often lower than those 

observed during peak discharge in prior studies. During peak discharge in a flood on the Cooks 

River catchment, Australia, water contained 17383 microplastics/m3 (equating to ~ 17.4 

counts/L; Hitchcock, 2020), much like our sample of peak flow during the highest rainfall event 

in October 2022 (Table 3.1.; Fig. 3.2.). However, for a karst spring issuing from Cliff Cave 

(which is located in the St. Louis region ~ 20 km southeast of our Deer Creek site), much higher 

levels of anthropogenic microparticles were present at peak flow when the spring was in flood 

(up to 81.3 counts/L; Baraza and Hasenmueller, 2023), even for precipitation events with lower 

rainfall levels than those we observed in this study. Although few studies have peak flood flow 

anthropogenic microparticle data to compare to our results, this discrepancy could indicate that 

flood transport of anthropogenic microparticles in surface water systems is distinct compared to 

groundwater-fed springs. 

 However, 100% of anthropogenic microparticles assessed for material type in the 

Australian study of one flood event were synthetic (Hitchcock, 2020), while 84% of the subset of 

anthropogenic microparticles analyzed across four events in our study were synthetic, and only 

23% of the Cliff Cave anthropogenic microparticles across four events were synthetic (Baraza 

and Hasenmueller). Accordingly, considering only synthetic microparticles, the highest reported 

flood microplastic content present at Cliff Cave (17.1 counts/L; Baraza and Hasenmueller, 2023) 

is very similar to the peak concentrations in both this study and the prior Australian study 
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(Hitchcock, 2020). Higher anthropogenic microparticle concentrations at the cave site are 

therefore largely due to high quantities of non-synthetic material types that were identified in this 

groundwater system but not the surface water systems. This material type discrepancy with the 

Australian study was influenced by Hitchcock’s (2020) methodological differences and intention 

to exclude non-synthetic anthropogenic microparticles. Nevertheless, similar criteria were used 

to identify anthropogenic microparticles (including plastics and other material types) for the 

studies of Deer Creek (the present work) and Cliff Cave (Baraza and Hasenmueller, 2023), 

which were both conducted in the St. Louis region, suggesting a true difference between 

microparticle types present in the two types of hydrologic systems. 

Higher quantities of non-synthetic anthropogenic microparticles in groundwater may be a 

result of the slower degradation of cellulose fibers in subsurface environments compared to 

surface settings. Indeed, cellulose fibers have been found to persist in some cave systems for 

thousands of years (Muller et al., 2007), though in surface conditions they are typically expected 

to biodegrade (Li et al., 2010). Studies of non-synthetic anthropogenic microparticles in karst 

systems are limited, but a comparison of anthropogenic microparticle content in the sediment of 

Cliff Cave (average 842.7 counts/kg at 29% synthetic; Hasenmueller et al., 2023) and Deer 

Creek (average 79.7 counts/kg at 51% synthetic; see Chapter 4) as well as findings from an 

Italian cave (163.5 counts/L at 15% synthetic in water and 4776.7 counts/kg at 8% synthetic in 

sediment; Balestra et al., 2024) support the hypothesis that high quantities of non-synthetic 

anthropogenic microparticles occur in subsurface environments compared to surface 

environments across multiple environmental compartments. 

 One prior study with flood samples at upstream and downstream river sites found higher 

anthropogenic microparticle concentrations in flood water occurred at the downstream site (de 

Carvalho et al., 2022). This observation raises the possibility that our mid-watershed Deer Creek 
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site might also collect lower peak flood anthropogenic microparticle concentrations than the Cliff 

Cave Spring outlet due to its more upstream location in the broader drainage pattern of the 

system. However, springs as outlets for the recharge areas of karst systems and surface water 

catchment outlets are not necessarily analogous. Regardless of this comparison, the prior surface 

water study by de Carvalho et al. (2022) suggests that the peak concentrations reported during 

flood events for our mid-watershed site on Deer Creek are likely lower than would be found at 

the watershed’s outlet. 

Across the four discharge events that we compared, flood characteristics and quantities of 

anthropogenic microparticles transported at peak flow were not obviously linked, which is a 

similar result to prior comparisons of multiple floods at Cliff Cave (Baraza and Hasenmueller, 

2023). Antecedent moisture conditions (e.g., long dry periods that may have enhanced the 

potential for anthropogenic microparticle accumulation in the Deer Creek system prior to the 

October 2022 and February 2023 flood events) as well as large magnitude discharge responses 

(i.e., 61.7 m3/s in July 2024) resulted in peak anthropogenic microparticle content within a 

similar range of 13.5-17.4 counts/L (Table 3.1.). The April 2024 event, which was by far the 

smallest at 1.7 m3/s for its peak discharge, was unique in having only one sample above the LOD 

with 6.5 counts/L present (Table 3.1.). These findings suggest a potential response threshold for 

the quantity of anthropogenic microparticles transported in flood waters that is based on the 

frequency and size of discharge events. 
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3.5.2. The Sourcing and Timing of Anthropogenic Microparticle Transport in Stream 

Water during Flood Events 

The comparison of anthropogenic microparticles in flood water samples to their potential 

origins during each discharge event demonstrates the complexity of the sourcing of these 

contaminants to waterways. Each flood event featured unique timing of anthropogenic 

microparticle transport (Fig. 3.2.) as well as distinctive assemblages of their colors, 

morphologies, and material types (Fig. 3.3.). Given the similarities in amounts and types of 

anthropogenic microparticles in the flood water compared to those in the rain and sediment (Fig. 

3.4.), atmospheric deposition and sediment storage seem to be the most likely sourcing 

compartments for the anthropogenic microparticles present in the sampled flood events. Higher 

deposition rates in the first rainfall sample of the July 2024 flood event compared to a subsequent 

sample suggests a potential initial flush of anthropogenic microparticles from the atmosphere in 

the early hours of the rainfall event. This wash out effect has been documented in prior studies 

(Abbasi, 2021). Flushing of anthropogenic microparticles from sediment storage is evidenced by 

the consistent decreases in anthropogenic microparticle levels between the pre- and post-flood 

sediment samples (Fig. 3.S5., Fig. 3.S6.) as well as the significant and positive relationships 

between water anthropogenic microparticle content and TSS and turbidity (Fig. 3.5.). 

Although we only analyzed material types for the anthropogenic microparticles in the 

stream water during our selected flood events (finding 78% PET, 16% anthropogenic cellulose, 

and 6% PP; Fig. 3.3.), we can compare to prior studies of anthropogenic microparticles in the 

local atmosphere (where 45% cotton and 27% PET were found, see Chapter 5) and Deer Creek 

sediment (where 30% PET, 24% cotton, and 11% PP were found, see Chapter 4). These material 

type results confirm that the atmosphere and sediment are potential sources for the flood 

transported anthropogenic microparticles. Though road runoff material types remain unknown, 
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the low concentrations of anthropogenic microparticles present in this compartment (i.e., only 

one sample above the LOD) that are of unique morphologies (i.e., mostly non-fibers; Fig. 3.4.) 

compared to the flood water anthropogenic microparticles suggest that road runoff is not a major 

source of these pollutants to Deer Creek during flood events. 

The observed fluctuation of anthropogenic microparticle content during floods aligned 

with increasing and decreasing discharge and sediment transport (evidenced by significant and 

positive relationships between the anthropogenic microparticle abundances and discharge, event 

water, TSS, and turbidity; Fig. 3.5.) and is consistent with the observations of the two prior 

studies that featured high temporal resolution sampling throughout flood events (Baraza and 

Hasenmueller, 2023; Hitchcock, 2020). Although significant and positive relationships were 

found between anthropogenic microparticle levels and both discharge and sediment transport 

metrics (i.e., TSS and turbidity) in our dataset (Fig. 3.5.), the timings and thresholds at which 

anthropogenic microparticles became detectable were unique to each flooding event (Fig. 3.2.). 

For example, in the February 2023 and July 2024 flood events, high quantities of suspended 

solids were moved before anthropogenic microparticles were transported at levels above the 

detection limit in water (Fig. 3.2.). However, in the other flooding events, a similarly high 

threshold was not required. 

Decoupled relationships between water anthropogenic microparticle content and 

sediment transport parameters suggest both sourcing from non-sediment compartments (via high 

anthropogenic microparticle concentrations when TSS values were low) and the movement of 

sediment that did not contain high levels of anthropogenic microparticles (via high TSS values 

when anthropogenic microparticle concentrations were low). Though studies on sediment 

anthropogenic microparticle presence across stream channels are limited, research has suggested 

that, in net erosional environments (e.g., exposed floodplains only covered by water during high 
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flow events), low microplastic levels are likely due to erosion inhibiting their deposition in the 

sediment (Gonzalez-Inca et al., 2018; Van Daele et al., 2024). Sediment erosion during large 

floods (e.g., during our July 2024 flood event) or snowmelt-related bank erosion (e.g., during our 

February 2023 flood event) would then theoretically introduce high quantities of sediment with 

low anthropogenic microparticle content and may have caused the observed elevated sediment 

transport variables (i.e., TSS and turbidity) that outpaced anthropogenic microparticle increases 

in the flood waters for these two events. 

 Unique instances of anthropogenic microparticle presence before the onset of the 

discharge and turbidity responses as well as in samples on the falling limb of the hydrograph that 

likely followed the exhaustion of sediment sourcing occurred in the October 2022 flood (Fig. 

3.2.). The behavior of these samples is unexplained by any relationship to discharge or sediment 

transport increases but might be related to atmospheric deposition of anthropogenic 

microparticles to the stream. Indeed, prior to a discharge response beginning, first rainfall could 

enhance anthropogenic microparticle deposition from the atmosphere. Likewise, following flood 

events, dry deposition rates can still be quite high in the watershed (see Chapter 5). Although 

only the July 2024 flood event had more than one temporal rainfall sample, higher anthropogenic 

microparticle levels in the first sample suggest that an initial flush of these microparticles from 

the atmosphere could be possible when rainfall begins. However, these deposited anthropogenic 

microparticles may not always be incorporated into stream water samples taken with the 

autosampler, which does not target the stream’s surface. 

More field studies examining high resolution temporal samples throughout flood events 

in other systems are necessary to determine whether the currently identified patterns of 

microplastic flux throughout flood events hold across other stream systems. Future work should 

also continue to compare potential sources of anthropogenic microparticles during flood events 
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(i.e., rainfall, road runoff, export from sediment storage, and other sources as they are relevant to 

a given system, such as sewer overflows) since studies which examine only one potential source 

might draw conclusions about its importance while missing another key input to the system. 

Thorough understanding of the most impactful sources of microplastics and other anthropogenic 

microparticles into a hydrologic system during high transport periods (like flood events) can help 

identify where management efforts could be focused to reduce the largest inputs of these 

contaminants to waterbodies. 

3.6. Conclusions 

 Our findings join the growing body of evidence that flood events can elevate microplastic 

transport in stream systems. High levels of anthropogenic microparticles (including 

microplastics) in rainfall, which shared similar characteristics with the flood water anthropogenic 

microparticles, demonstrate the influence of atmospheric fallout as a source of these pollutants to 

the stream during flood events. Likewise, anthropogenic microparticles within our stream water 

samples typically increased alongside discharge and sediment transport during flood events and 

had similar characteristics and material types to anthropogenic microparticles in the stream’s 

sediment. These findings suggest that export out of sediment storage is also a key source of 

microplastics into the stream water during flood events. The extent and timing of microplastic 

export by flooding depends on antecedent moisture conditions such as prior dry periods that may 

enhance sediment microplastic storage as well as in-flood conditions such as the quantity of 

rainfall and the erosive impacts of snowmelt. Further research using high frequency sampling 

throughout flood events is needed to improve our understanding of the complex set of hydrologic 

conditions and potential sources controlling microplastic transport during flooding. 
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3.9.  Supplementary Materials 

3.9.1. Supplemental Tables 

Table 3.S1. Anthropogenic microparticles found in each blank and the calculation of the LOD for each sample type (i.e., water or 
sediment). 

Blank Type Total (counts) Black Fiber (counts) Blue Fiber (counts) Clear Fiber (counts) Red Fiber (counts) 

Autosampler Field Blank 1 1 0 1 0 0 

Autosampler Field Blank 2 3 0 1 2 0 

Autosampler Laboratory Blank 1 2 0 1 1 0 

Autosampler Laboratory Blank 2 3 0 2 1 0 

Water Processing Blank 1 4 1 1 1 1 

Water Processing Blank 2 3 1 2 0 0 

Water Processing Blank 3 0 0 0 0 0 

Water Processing Blank 4 3 0 2 1 0 

Average 2.38     

Standard Deviation 1.22     

Water LOD 6 counts     

Sediment Processing Blank 1 4 1 1 2 0 

Sediment Processing Blank 2 3 0 1 2 0 

Sediment Processing Blank 3 3 0 2 1 0 

Sediment Processing Blank 4 4 0 2 2 0 

Sediment Processing Blank 5 3 0 0 3 0 

Sediment Processing Blank 6 4 0 0 4 0 

Sediment Processing Blank 7 3 0 1 2 0 

Average 3.43     

Standard Deviation 0.50     

Sediment LOD 5 counts     
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3.9.2. Supplemental Figures 

 
Figure 3.S1. The timing of each sample type that was collected and analyzed for anthropogenic 
microparticles throughout each of the four selected flood events. 
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Figure 3.S2. Hydrograph separations using specific conductivity data for each flood event. Note 
that the February 2023 flood shows baseflow levels that are higher than the recorded discharge 
values due to road salt applications elevating the specific conductivity signature.  
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Figure 3.S3. Comparisons of the sonde and benchtop or handheld water quality meter data for 
the October 2022 flood event when the in situ sonde stopped recording water quality data during 
the flood. We show the (A) in situ continuous and ex situ point measurements for specific 
conductivity, (B) in situ continuous and ex situ point measurements for turbidity, and (C) 
relationships between samples with both in situ continuous and ex situ point data. 
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Figure 3.S4. A comparison of the anthropogenic microparticle sizes in rainfall samples for the 
first two flood events (when non-standard methods were used to collect atmospheric deposition) 
versus the final two flood events (when a standard method was used to collect atmospheric 
deposition).  
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Figure 3.S5. A comparison of the anthropogenic microparticle content (top) and sizing (bottom) 
in the pre- and post-flood sediment samples for all floods. 
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Figure 3.S6. Comparisons of the pre- and post-flood anthropogenic microparticle content (top) 
and sediment grain sizes (represented by d10 values; bottom) for all four floods. 
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CHAPTER 4: THE EFFICACY OF C. FLUMINEA AS A BIOINDICATOR OF 

MICROPLASTICS AND OTHER ANTHROPOGENIC MICROPARTICLES IN A 

SEASONALLY VARIABLE URBAN STREAM 

4.1. Abstract 

Bioindicator species for anthropogenic microparticles (including microplastics and other 

types of human-derived microparticles) are valuable to improve monitoring and the comparison 

of the uptake of these microparticles by organisms globally. Corbicula fluminea (C. fluminea) is 

an ideal freshwater bioindicator species because the bivalve is a widespread, abundant, and non-

selective feeder, but a strong correlation between anthropogenic microparticles in C. fluminea 

and its surrounding environment (i.e., water and sediment) has only been identified in one 

system. Here, we assess anthropogenic microparticles in water, sediment, and clams (C. 

fluminea) monthly across a year of seasonal variation in an urban stream in St. Louis, Missouri, 

United States. No anthropogenic microparticles were present above the limit of detection (LOD) 

in the stream’s water, and anthropogenic microparticles in C. fluminea ranged from below the 

LOD (81%) to 31.4 counts/g. In sediment, samples ranged from below the LOD (4%) to 188.6 

counts/kg. The majority of the anthropogenic microparticles in sediment were microplastics 

(51%), while clam anthropogenic microparticles were largely cotton fibers (54%), with only 39% 

identified as plastic. No significant trend was observed between anthropogenic microparticle 

amounts in sediment and C. fluminea, but sediment anthropogenic microparticles were 

significantly and negatively correlated to sediment grain size. Clam anthropogenic microparticles 

were significantly and positively correlated to water suspended solid concentrations, which we 

suspect may indicate filtration activity. C. fluminea took up the most common types of 

anthropogenic microparticles from its surrounding environment (i.e., cotton and polyethylene 

terephthalate (PET) fibers), but did not ingest the full spectrum of diverse anthropogenic 



93 
 

microparticles in the sediment. Ultimately, C. fluminea has utility to compare systems globally, 

identify prominent contamination types (e.g., microfibers), and indicate key moments of 

anthropogenic microparticle fluctuation (i.e., seasonal extremes). However, a persistently strong 

relationship between the clam’s and its surrounding environment’s anthropogenic microparticle 

content is unlikely in highly variable freshwater environments. 

4.2. Introduction 

 Microplastics are ubiquitous contaminants that can impact both human and ecological 

health (Akanyange et al., 2022; Rochman, 2018). These small (< 5 mm) plastics have diverse 

combinations of polymers, additives, and morphologies, and exist within a larger suite of 

prevalent anthropogenic microparticles including non-plastic materials with similar 

morphologies and potential toxicities (e.g., treated natural textile fibers; Athey and Erdle, 2022; 

Rochman et al., 2019). Both plastic and non-plastic microparticles with anthropogenic 

modifications can accumulate and persist in the environment (Adams et al., 2021; Park et al., 

2004; Sait et al., 2021; Sanchez-Vidal et al., 2018). While many studies exclude non-synthetic 

anthropogenic microparticles (e.g., Su et al., 2018), when included, cellulosic microfibers are 

frequently the most common anthropogenic microparticle type found across atmospheric, water, 

sediment, and biota samples (e.g., Adams et al., 2021; González-Aravena et al., 2024; Macieira 

et al., 2021; Sanchez-Vidal et al., 2018; Stanton et al., 2019). Preliminary research has also 

suggested that cellulosic fibers, like plastic fibers, can cause physical harm when ingested (e.g., 

gut damage; Kim et al., 2021), though less is known about chemical effects from cellulosic fiber 

treatments or additives (Athey and Erdle, 2022). To fully assess and address the risk of these 

pollutants, monitoring and management strategies should consider non-plastic, but human-

derived, microparticles in addition to microplastics, which is the approach used in our study. 
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  A bioindicator species for microplastics and other anthropogenic microparticles could 

improve monitoring of this contaminant suite and comparison across multiple systems while 

simultaneously providing information about the ingestion of these pollutants and their spread 

across food webs (Wesch et al., 2016). An ideal bioindicator species would be a widespread, 

abundant, and non-selective feeder (Wesch et al., 2016). Proposed bioindicators for microplastics 

in freshwater systems to date have included bivalves (Su et al., 2018), gastropods (Akindele et 

al., 2019), crayfish (Pastorino et al., 2023), and fish (Koutsikos et al., 2023), though many of 

these examined species do not meet ideal indication criteria. Additionally, none of these studies 

consider non-plastic anthropogenic microparticles, either directly excluding them or not 

specifying material type. 

The Asian clam, Corbicula fluminea (C. fluminea), is a globally distributed and abundant 

species with well-known ecology and an extensive history of use as a bioindicator (Sousa et al., 

2008), including for various other contaminants such as fecal bacteria (Miller et al., 2005) and 

per- and polyfluoroalkyl substances (PFAS; Koban et al., 2024). C. fluminea is easily maintained 

in the laboratory and has already been used for laboratory studies examining how polymer type 

affects uptake and toxicity of microplastics alone and in combination with other contaminants 

(Fu et al., 2022; Guilhermino et al., 2018; Guo et al., 2021; Li et al., 2019; Oliveira et al., 2018). 

The species thus meets the criteria to be an ideal bioindicator of anthropogenic microparticles in 

freshwater systems. Early work using C. fluminea as a bioindicator species for microplastics has 

yielded variable results, with a negative correlation between sediment microplastics and the clam 

concentration factor (i.e., the level of accumulation) in one early study (Su et al., 2016) but a 

positive correlation between microplastics in the bivalves and sediment in a subsequent study of 

rivers, lakes, and estuaries (Su et al., 2018). Despite its potential as a bioindicator species, the 
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efficacy of C. fluminea remains unclear due to the limited quantity of systems and conditions 

across which its bioindication has been tested. 

Thus, the objective of our research is to assess the effectiveness of C. fluminea as a 

bioindicator of both microplastics and other anthropogenic microparticles in an urban stream that 

experiences highly variable seasonal conditions (e.g., extremely low flow, flash flooding, and 

winter snowfall). Our study compared anthropogenic microparticle quantities and compositions 

in C. fluminea, water, and sediment samples in an urban stream over one year of monthly 

samples. 

4.3. Materials and Methods 

4.3.1. Study Area 

 Deer Creek is a 95.8-km2 urban stream in St. Louis, Missouri, United States, which is 

connected to the Mississippi River via the River des Peres (Fig. 4.1). The system undergoes 

extreme changes in flow from low discharge in the late summer to flash flooding events that 

occur most frequently in the spring but have been recorded at all times of year (Criss et al., 2022; 

USGS, 2025). The watershed also has a history of wastewater contamination issues due to 

outdated infrastructure such as combined sewer overflows (CSOs), sanitary sewer overflows 

(SSOs), and leaking pipes (Finegan and Hasenmueller, 2024). These overflow sites had been 

mostly removed at the time of sampling for our study (MSD, 2024), but their past presence in the 

watershed might have introduced legacy contamination issues. In winter months, the stream also 

faces Cl- pollution from road salt applications (Finegan and Hasenmueller, 2023). The selected 

sample site is near the outlet of the watershed, which collects water from locations with historical 

sewer overflow outfalls as well as current commercial areas (Fig. 4.1; Hasenmueller et al., 2017). 

The sampling site is ~ 550 m upstream of a United States Geological Survey discharge 

monitoring site (gauge 07010086; Fig. 4.1), which recorded an average discharge of 1.5 m3/s in 
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2022 (USGS, 2025). The site was chosen for its consistently high populations of C. fluminea. 

Upstream and downstream sites occasionally also had individuals present, but not the similarly 

large populations required for the planned sampling. 

 

Figure 4.1. The selected sampling site (A) on an imperviousness map (Dewitz, 2021) and (B) 
with a view of the nearby industrial area (Esri, 2025a). 
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4.3.2. Anthropogenic Microparticle Sample Collection 

Samples of the stream’s C. fluminea, water, and bed sediment were collected monthly at 

our outlet site from November 2021 to October 2022 to analyze their anthropogenic 

microparticle content. Samples were taken at baseflow when possible, which we define as no 

precipitation events having occurred in the preceding 3 days. However, in February 2022, 

snowfall occurred 2 days prior to sampling, causing a small impact on stream discharge (Table 

4.S1.; USGS, 2025). During each sampling event, we first collected 2 L of water into two 1-L 

amber glass jars that had been triple rinsed with filtered distilled deionized (DDI) water in the 

laboratory and then triple rinsed with site water before sample collection. Water samples were 

stored at room temperature until analysis. After the water sample was obtained, the sediment 

sample (~ 1 kg) was collected with a custom Hess sampler into a 1-L glass mason jar that had 

also been triple rinsed with filtered DDI water in the laboratory. The sediment sample consisted 

of a homogenization of sediment collected at three points spread evenly across the channel, 

resulting in a single combined sample per site and sampling date. Detailed steps for the sediment 

collection methods are described in Hernandez and Hasenmueller (2024) and the depths of the 

three sampling points are provided in Table 4.S2. All sediment samples were refrigerated until 

analysis. 

Bivalve samples were taken upstream from the water and sediment samples by removing 

armoring rocks and digging into the sediment to locate the clams. Adult C. fluminea (shell length 

> 15 mm) were kept, while smaller bivalves were returned to the stream. Each month, the goal 

was to collect at least 10 adult bivalves, but, for some months, the population was too small to 

meet this criterion. At other times, the population was unhealthy such that most of the bivalves 

that were collected were shells filled with compacted sediment rather than living individuals 

(e.g., the August 2022 sampling event, which occurred after a damaging flood; see Tables 4.S1.-
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4.S2.). In May 2022 and October 2020, we sought to collect at least 50 adult bivalves to compare 

spring and fall seasonal anthropogenic microparticle levels using a larger sample size. However, 

the clam totals ultimately fell to 30-40 individuals collected for these two months once shells 

filled with compacted sediment were removed from the collection totals during sample 

processing (Table 4.S2.). Bivalves were wrapped individually in Al foil at the field site and 

frozen until analysis. A portion of bivalves experienced a freezer thaw prior to analysis. The 

impact of thawing on measured tissue mass for these individuals was assessed and corrected (see 

Supplemental Method 4.S1. and Figs. 4.S1.-4.S3.). 

4.3.3. Anthropogenic Microparticle Characterization 

4.3.3.1. Environmental samples 

 To extract the anthropogenic microparticles from our sample types, water samples were 

vacuum-filtered, while ~ 250 g subsets of sediment samples were dried, density separated with a 

NaCl solution, and the supernatant vacuum-filtered (Hasenmueller et al., 2023). Bivalve samples 

were thawed for 24 h, then the shell length, total mass (i.e., shell and tissue), and tissue mass 

were recorded for each individual. The tissue removed from each individual was placed into an 

Erlenmeyer flask and ~ 50 mL of filtered 30% H2O2 was then added. The flask opening was 

covered with Al foil, and the flask was placed in an oscillation incubator at 60 ℃ and 80 rpm for 

48 h to be digested and then vacuum-filtered. This method is adapted from prior studies of 

anthropogenic microparticles in C. fluminea (Su et al., 2018). The resulting filters from each 

sample type were examined for anthropogenic microparticles, which were photographed and 

characterized by their color, morphology, and size. The lower limit for this visual detection of 

anthropogenic microparticles was 100 µm. Criteria including color, tapering, and resistance to 

breakage were used to distinguish anthropogenic materials from organic matter (Hernandez and 

Hasenmueller, 2024). 
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Once the visual examination was complete, a subset of the anthropogenic microparticles 

were removed from the filters and placed into small containers with filtered 10% ethanol solution 

until further material type analysis. Material types were analyzed for 19% of the detectable clam 

anthropogenic microparticles (n = 41), 9% of the detectable sediment anthropogenic 

microparticles (n = 37), and two anthropogenic microparticles from the water samples (none of 

which had detectable microparticles; see Section 4.3.3.2.). The microparticles were mounted on 

Al foil-covered slides and analyzed with Micro-Fourier Transform Infrared (µ-FTIR) 

spectroscopy using a Thermo Fisher Scientific Nicolet iN5 µ-FTIR. Attenuated total reflectance 

was measured across wavenumbers 4000-650 nm using a Ge crystal. The resulting spectra were 

corrected with atmospheric suppression and compared to a series of libraries commonly used for 

microplastics research (e.g., Primpke et al., 2018; FLOPP from De Frond et al., 2021) in the µ-

FTIR OMNIC software, which provides a correlation-based match value for each top match 

within the libraries. Only matches above 70% were accepted, and anything lower was considered 

“undefined”. Our average match percentage was 90%. 

4.3.3.2. Quality assurance and quality control measures 

 Throughout the sample processing steps, common quality assurance and quality control 

methods were employed to decrease and account for possible contamination of the samples with 

anthropogenic microparticles. To reduce the potential for contamination, we prefiltered working 

solutions, triple rinsed glassware, and covered samples and equipment when they were not in 

use, among other efforts (see Hernandez and Hasenmueller, 2024, and references therein, for a 

full list of protocols). As contamination cannot be completely avoided, blanks were used to 

account for anthropogenic microparticles that might have been introduced during the processing 

steps for each sample type. Water blanks consisted of 1-L of prefiltered DDI water, sediment 

blanks were ~ 300 mL of prefiltered NaCl solution that was treated with the same separation 
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steps as the sediment, and clam blanks were ~ 50 mL of prefiltered 30% H2O2 treated with the 

same digestion steps as the clams. Each blank type was filtered alongside the corresponding 

environmental sample category. These laboratory blanks were used to calculate the limit of 

detection (LOD) for each sample type (Table 4.S3.). The LOD for each environmental sample 

type was calculated as the mean of the blank values plus three standard deviations (Dawson et 

al., 2023). When anthropogenic microparticle quantities in a sample were below the calculated 

LOD, we report the sample to contain zero anthropogenic microparticles. Since these 

microparticles were corrected at the totals stage (i.e., before normalizing with the sample mass), 

the LOD was rounded to a whole number for our correction. Subsets of microparticles from each 

blank type were analyzed on µ-FTIR to understand contamination material types. 

A series of replication procedures were employed to assess variability in field and 

laboratory processing steps, which are discussed in Supplemental Method 4.S2. These steps 

included field and laboratory replicates, samples assessing cross-channel variation in sediment, 

and replication of the visual identification process (Supplemental Method 4.S2.; Figs. 4.S4.-

4.S7.). Individual C. fluminea replicates (i.e., individual clams, from n = 4 to n = 43 per month; 

see Table 4.S2.) each month were averaged into monthly clam anthropogenic microparticle 

totals, though individual data are still reported for maximum anthropogenic microparticle content 

in C. fluminea. Laboratory replicates for sediment (n = 2 per month) were also averaged into 

monthly sediment anthropogenic microparticle totals, though, again, individual replicate data are 

still reported for minimum and maximum sediment anthropogenic microparticle content. 

4.3.4. Additional Physicochemical Analyses of Water and Sediment 

Specific conductivity, Cl-, and temperature were measured in situ for the water during 

site visits using a YSI Professional Plus Multiparameter Instrument. We also analyzed total 

suspended solids (TSS) concentrations ex situ from water samples following United States 
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Environmental Protection Agency (USEPA) Method 160.2 (USEPA, 1971). Sediment samples 

were analyzed ex situ for grain size distribution via sieving (see Hasenmueller et al., 2023, for 

the full method details). Physicochemical data are presented for comparison to the anthropogenic 

microparticle data in Table 4.S2. 

4.3.5. Data Analysis 

For analysis of the full clam dataset (n = 199 individuals), parametric tests (i.e., Welch’s t 

test and Pearson’s correlation) were used due to the size of the dataset (with α = 0.05). However, 

small sample sizes for clam and sediment replicates when summarized by month (i.e., into one 

average for each of the 12 months; n = 12) prevented the assumption of normality when 

assessing relationships among summarized variables. Statistical relationships involving data 

summarized by month (including the anthropogenic microparticle data) were therefore tested 

using non-parametric Spearman’s rank correlations (with α = 0.05), though linear regressions for 

the original data are provided as visualizations. Differences in anthropogenic microparticle levels 

by month were examined using the Kruskal-Wallis test followed by pairwise Wilcoxon tests, and 

the differences in sizes of these microparticles were analyzed with a Wilcoxon test. All statistical 

analyses were performed in R and Microsoft Excel. Figures were created using ArcGIS Pro 

Version 3.0.3, R, and Microsoft Excel. 

  



102 
 

4.4. Results 

4.4.1. Anthropogenic Microparticle Characterization 

4.4.1.1. Quality assurance and quality control measures 

Blanks for the clam, water, and sediment lab processing steps had 0-4 particles identified 

per individual blank, resulting in respective calculated LODs of 4, 6, and 5 counts (Table 4.S3.). 

The subset of anthropogenic microparticles from blank samples that were analyzed with µ-FTIR 

consisted of mainly cotton fibers (n = 3 for clam, n = 5 for sediment, and n = 2 for water) and 

some polyethylene terephthalate (PET; n = 1 in clam and n = 1 in sediment). 

4.4.1.2. Anthropogenic microparticle content in Asian clam 

Anthropogenic microparticles were found above the LOD in 37 sampled clams (19%), 

while the rest contained either no anthropogenic microparticles (19%; n = 38) or anthropogenic 

microparticles below the LOD (62%; n = 124). The total number of suspected anthropogenic 

microparticles identified above the LOD in C. fluminea samples was 218, with an average of  

2.6 ± 6.4 counts/g. The highest average monthly anthropogenic microparticle level was found in 

November 2021 (11.4 ± 9.0 counts/g), which had significantly higher abundances compared to 

most other months except for December 2021, February 2022, March 2022, and September 2022 

(Fig. 4.2.; Table 4.S4.). The highest quantity found in a single individual was also in November 

2021, at 31.4 counts/g. August 2022 was the only month for which we found no anthropogenic 

microparticles above the LOD in any clam (Fig. 4.2.). This sampling event followed an extreme 

flood that featured a peak discharge of 216.34 m3/s, which exceeded the National Weather 

Service flood stage for Deer Creek and was almost twice the peak discharge observed in any 

other floods that occurred during the year-long period we were sampling (Table 4.S1.; USGS, 

2025). 
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The majority of the anthropogenic microparticles above the LOD in clam samples were 

fibers (> 99%), with only one fragment identified in November 2021. Of the total anthropogenic 

microparticles found in the clams, 75% were clear fibers, 18% were blue fibers, and the 

remaining color-morphology combinations made up < 10% of the total (Fig. 4.S8.). The 

anthropogenic microparticle sizes ranged 147.3-4474.9 µm, with an average of  

752.6 ± 631.3 µm. The C. fluminea contained 61% non-synthetic and 39% synthetic materials 

(Fig. 4.3.). Cotton was the most common microparticle type at 54%, followed by PET (which 

included polyethylene terephthalate and polyester matches) at 37%. Every synthetic 

microparticle found in the clams was PET except for one fragment made of poly(ethyl acrylate) 

(PEA; Fig. 4.3.). 
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Figure 4.2. Anthropogenic microparticle content in (A) clam (n values are from 4-43 per month) 
and (B) sediment (n = 2 per month) replicates for each month of sampling. The monthly means 
are shown with cross symbols and have been connected with an interpolation line. 
Anthropogenic microparticle data for the water samples are not shown because they were below 
the LOD. 
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Figure 4.3. Comparisons of clam and sediment anthropogenic microparticle (A) material types and (B) sizes. Example photos of 
various anthropogenic microparticle types found in clam (top) and sediment (bottom) are provided in (C), with the photo sizes being 1 
mm by 1 mm for scale. 
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4.4.1.3. Anthropogenic microparticle content in water and sediment 

No anthropogenic microparticles were found above the LOD in water samples. However, 

23 of the 24 sediment replicates (i.e., n = 2 per month over the year-long sampling period) had 

anthropogenic microparticle levels above the LOD, with a total anthropogenic microparticle 

number of 414 and average of 78.2 ± 49.8 counts/kg found in the sediment samples. The highest 

monthly average quantity of anthropogenic microparticles in sediment was found in April 2022 

(164.3 ± 16.2 counts/kg), while, similar to the results for C. fluminea, the lowest quantity of 

anthropogenic microparticles in sediment was found in August 2022 (11.3 ± 11.3 counts/kg), 

with one sample containing no anthropogenic microparticles above the LOD (Fig. 4.2.). The 

highest quantity of any individual sediment replicate was 188.6 counts/kg in February 2022. We 

found no significant differences in anthropogenic microparticle content per month in sediment. 

The anthropogenic microparticles in sediment were dominated by fibers (96%), and clear 

fibers (49%) and blue fibers (20%) were the most common color-morphology combinations (Fig. 

4.S8.). The sediment anthropogenic microparticles were nearly twice as large as those in the 

clams, averaging 1402.3 ± 893.7 µm and ranging 145.9-4961.8 µm in size (Fig. 4.3 (B)). The 

majority of the anthropogenic microparticles in sediment were synthetic (~51%), with these 

microplastics mostly comprised of PET (30%), followed by polypropylene (PP; 11%), 

polyethylene vinyl acetate (PEVA; 8%), and acrylic (3%; Fig. 4.3. (C)). Cotton was also 

common in sediment, making up 24% of the analyzed anthropogenic microparticles (Fig. 4.3. 

(C)). Though the anthropogenic microparticle levels in water samples were below the LOD, the 

water microparticles analyzed for material type with µ-FTIR were both cotton. 
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4.4.2. Relationships between Anthropogenic Microparticles in Asian Clam and 

Sediment 

The concentrations of anthropogenic microparticles in clams and sediment had a positive 

(Spearman’s ρ = 0.44), though insignificant (p = 0.15), trend (Fig. 4.4.). The variability (defined 

by the standard deviation) of the clam replicates (whose numbers varied by month due to 

population size; see Table 4.S2.) as well as the sediment laboratory replicates (two per month) 

had strong significant positive relationships with their respective average anthropogenic 

microparticle concentrations (Fig. 4.4.). February 2022 had the highest replicate variability for 

both the clams and sediment (Fig. 4.2.; Fig. 4.4.). More variable anthropogenic microparticle 

content in sediment was also strongly significantly correlated with more variable anthropogenic 

microparticle content in clams (Fig. 4.4.). 

Additionally, the clam samples had significantly smaller anthropogenic microparticle 

sizes than the sediment samples (Fig. 4.3. (B)). They also featured a greater percentage of clear 

fibers and a lower variety of other anthropogenic microparticle morphologies compared to the 

sediment samples (Fig. 4.S8.). Though both compartments had relatively high abundances of 

cotton and PET microparticles, material types were less diverse in C. fluminea compared to the 

sediment (Fig. 4.3. (C); Fig. 4.S8.). 
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Figure 4.4. The relationships among clam and sediment anthropogenic microparticle 
concentrations, clam and sediment anthropogenic microparticle variability (as the standard 
deviation of sample replicates), and selected physicochemical parameters (i.e., water TSS and 
sediment d16). Significant correlations are shown in color with their Spearman’s ρ values, while 
insignificant relationships are grayed. 
 

4.4.3. Relationships between Anthropogenic Microparticles and the Physicochemical 

Properties of Water and Sediment 

 The physicochemical data for water across the sampling dates exhibited large ranges 

including extremes in flow (Table 4.S1.) and elevated specific conductivity and Cl- levels due to 

winter road salt applications (e.g., in February 2022; Table 4.S2.). The sediment grain size 

assemblages were consistently dominated by large rocks (i.e., d50 > 4.75 mm), so we used 

sediment d16 values for correlation analysis. Most of the physicochemical parameters we 
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assessed, including peak flow for the most recent flood event before sampling, discharge at the 

time of sample collection, average discharge for the 20 days prior to sampling, water 

temperature, water specific conductivity, and water Cl-, had no significant relationships with the 

anthropogenic microparticles in the sediment or clam samples. 

However, the strongest relationships for C. fluminea were between the clams’ 

anthropogenic microparticle concentrations and water TSS values (Spearman’s ρ = 0.77;  

p < 0.05; Fig. 4.4.). Sediment anthropogenic microparticle concentrations had their strongest 

significant and negative correlation with the sediment d16 grain size fraction (Spearman’s  

ρ = -0.68; p < 0.05; Fig. 4.4.). We also found that water TSS concentrations were significantly 

and negatively correlated with temperature (Spearman’s ρ = -0.60; p < 0.05), though temperature 

did not significantly correlate with clam anthropogenic microparticles. Nonetheless, the four 

months with the highest abundances and variability for clam anthropogenic microparticles 

occurred when water temperatures were at their lowest (Fig. 4.S9.). 

4.5. Discussion 

4.5.1. Anthropogenic Microparticle Quantities and Characteristics in Environmental 

Media 

Our range of anthropogenic microparticles in the clams each month overlapped with 

those reported in other studies of anthropogenic microparticle content in C. fluminea (Table 

4.S5.). Only two studies report higher levels of anthropogenic microparticles per individual (i.e., 

> 20 counts/individual) than our observations for Deer Creek (Table 4.S5.). McCoy et al. (2020) 

attributed the higher levels of anthropogenic microparticles in C. fluminea of the River Thames 

to a proximal sewer overflow, and Stankovic et al. (2024) cited plastic pollution as the reason for 

high C. fluminea anthropogenic microparticle levels in the Danube Basin. The predominance of 
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microfibers has been noted in most other studies of C. fluminea, though the proportions of 

observed synthetic and non-synthetic materials as well as the specific material types that have 

been identified vary globally (Fig. 4.5.; Table 4.S5.). In three prior studies of C. fluminea, PET 

was the most common microplastic type found, and laboratory exposure experiments suggest 

that PET might be preferentially taken up by the clam compared to other polymer types 

(Giarratano et al., 2024; Li et al., 2019; Stankovic et al., 2024; Su et al., 2018). The uptake of 

anthropogenic microparticles by the clams might also be higher for small size ranges (Li et al., 

2019). These selection processes may explain why we observed that the anthropogenic 

microparticles in sediment were more diverse and larger than those found in C. fluminea (Fig. 

4.3.). 

Only three previous studies have assessed human-sourced microparticles in clam and 

sediment samples and discussed the bioindication potential of C. fluminea (Su et al., 2016; Su et 

al., 2018; Vidal et al., 2023). The strongest bioindication evidence was a significant linear 

relationship between C. fluminea microparticles and those in water and sediment in Su et al. 

(2018). The range of anthropogenic microparticles found in sediment samples in the Su et al. 

(2018) study (15.0-160.0 counts/kg) was similar to our studied system (0-188.6 counts/kg; see 

Table 4.S5.). Though our water samples were all below the LOD and we thus corrected their 

values to 0 counts/L for analysis purposes, the observed concentration range prior to our 

correction step was 0-2.7 counts/L, which overlaps with the 0.5-3.1 counts/L range observed in 

Su et al. (2018). Additionally, although the blank level reported in Su et al. (2018) is comparable 

to our blank values, no blank correction was performed for their study. In contrast, the Loire 

River study by Vidal et al. (2023) found much higher levels of anthropogenic microparticles in 

clam, water, and sediment even after a blank subtraction correction method. The Loire River 

work is also the only study of C. fluminea anthropogenic microparticle levels that found a 
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predominance of fragments instead of fibers in the samples, suggesting that the contamination 

types and levels at their study site are fundamentally different from other systems (Fig. 4.5.; 

Table 4.S5.). 

Despite the similarities in anthropogenic microparticle ranges and characteristics across 

compartments between our study and the prior studies in China that demonstrated evidence of 

bioindication by C. fluminea (Su et al., 2016; Su et al., 2018), our data showed no significant 

relationship between clam and sediment anthropogenic microparticle content (Fig. 4.4). Similar 

anthropogenic microparticle types and quantities between these studies indicate that the failure of 

C. fluminea to act as a bioindicator in our system is not related to the abundance or type of 

human-sourced microparticles in the environment. Instead, seasonal fluctuations in clam and 

sediment anthropogenic microparticles may be controlled by unique factors influencing their 

bioindication potential as these prior studies have not examined temporal variation of 

anthropogenic microparticle bioindication over the extent of seasonal variation found in our 

dataset. Our conservative LOD correction method, if applied to prior bioindication studies, might 

also have weakened the perceived relationship between C. fluminea and sediment anthropogenic 

microparticle concentrations. That only one study (i.e., Su et al., 2018) has found a strong linear 

relationship between microplastics in C. fluminea and sediment also implies that such a 

straightforward relationship may not hold across most systems. 
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Figure 4.5. The anthropogenic microparticle levels that have been observed in C. fluminea 
globally (basemap by Esri, 2025b), with the maximum content per individual represented by the 
circle sizes in both (A) and (B). The percentages of (A) fibers versus other morphologies (e.g., 
fragments, films, and spheres) and (B) plastic versus non-plastic materials are shown as pie 
charts within the circles. The designation of “not reported” in (B) refers to studies that either 
did not report any material types or only reported plastic types (thus preventing an estimate of 
non-plastic materials in C. fluminea). Table 4.S5. provides more details from the studies 
compiled for this visualization. 



113 
 

4.5.2. Temporal Fluctuations of Anthropogenic Microparticles in Environmental 

Compartments Relative to the Physicochemical Properties of Stream Water and 

Sediment 

 Though we observed a positive but insignificant trend between C. fluminea and sediment 

anthropogenic microparticle concentrations, their strong relationships with unique 

physicochemical parameters for water and sediment (Fig. 4.4.) indicate that different 

mechanisms might drive the temporal fluctuations of anthropogenic microparticles in the two 

compartments. When fine sediment was more common in the < 4.75 mm grain size fraction (i.e., 

when d16 values were low), sediment anthropogenic microparticle content was higher (Fig. 4.4.). 

Both the ability of finer sediment grain sizes to better retain anthropogenic microparticles (seen 

in laboratory experiments; Li et al., 2024) as well as similar correlations between sediment 

particle sizes and microplastic abundance (seen in other field studies; e.g., He et al., 2020) have 

been demonstrated in prior research, with the physical explanation for this trend being that the 

reduced pore sizes that occur when sediment grains are small inhibit anthropogenic microparticle 

transport (Li et al., 2024). 

 However, neither clam anthropogenic microparticle abundance nor its correlated 

physicochemical parameter, water TSS, had significant relationships with sediment microparticle 

content or d16 (Fig. 4.4.). Instead, TSS had a significant and negative correlation with 

temperature. Filtration by C. fluminea can directly impact suspended solids in water, causing 

increased water clarity by decreasing suspended solid concentrations (Beaver et al., 1991; Rong 

et al., 2021). If this explanation alone is taken as reason for the varying TSS levels each month, 

summer months would result in low TSS due to high filtration by C. fluminea while winter 

months would have high TSS due to low filtration by the clams. Lower filtration by C. fluminea 

has been seen in winter months below 8 ºC (Lauritsen, 1986), along with behavior changes like 
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variable shell closure. In our study, low winter temperatures also corresponded with elevated 

salinity levels in the stream from road deicer applications (Table 4.S2.), which can similarly 

cause valve closure (Roden, 2018). Coinciding high TSS and high anthropogenic microparticle 

variability in the clams during the four months with water temperature near or below 8 ºC (Fig. 

4.4.; Fig. 4.S9.) might therefore be explained by reduced filtration (elevating TSS) and variable 

valve and shell closure (leading to high variability in individual clam’s anthropogenic 

microparticle content), with both caused by cold temperatures. 

 From this filtration explanation, we can further speculate that the clams might be 

concentrating the signature of anthropogenic microparticles present in water and drawing 

anthropogenic and other suspended materials down to the sediment-water interface where they 

are buried. This behavior would also result in anthropogenic microparticles within C. fluminea 

that more closely resemble the water’s anthropogenic microparticle compositions than those in 

the sediment. Though we were ultimately unable to constrain anthropogenic microparticle 

content in the water, anthropogenic microparticles below the LOD from water samples analyzed 

for material type were cotton, which was a prevalent material type in the C. fluminea samples. 

Further work with higher volume water samples could clarify any similarities in anthropogenic 

microparticle compositions between water and C. fluminea samples. 

The reason for higher average anthropogenic microparticle content in the clams during 

the winter months when the sediment anthropogenic microparticle storage was not similarly 

elevated (e.g., December 2021 and March 2022; Fig. 4.2.) remains uncertain. The influence of 

water anthropogenic microparticle content is one unknown that could be partially responsible for 

this difference. Additionally, researchers have not yet examined whether anthropogenic 

microparticle retention might be enhanced if valve closure occurs in bivalves (i.e., in winter 

months regardless of the sediment anthropogenic microparticle storage), though studies of other 
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types of contaminants suggest that accumulation potentially occurs during valve closure (e.g., Cd 

in Nan et al., 2016). The level of anthropogenic microparticles present in C. fluminea throughout 

the year-long study period seems to be impacted by a combination of bivalve behavior that could 

change seasonally (e.g., valve closure, variable filtration rates, and preferential selection of 

certain microparticles) and the available anthropogenic microparticles in the surrounding 

environment. Selective uptake might also be a reason for clam anthropogenic microparticle 

levels that sometimes seem temporally decoupled from the levels in sediment storage. 

Though we did not observe a significant linear relationship between clam and sediment 

anthropogenic microparticle content in our samples (Fig. 4.4.), we detected similar patterns 

between the two compartments, specifically through two key examples. February 2022 featured 

the most variable clam and sediment anthropogenic microparticle amounts in replicates (Fig. 

4.2.) and was the only month with both recent snowfall and elevated salinity (Table 4.S2.). Prior 

research has identified snowfall as a source of microplastics (Bergmann et al., 2019). Variable 

interaction with snowmelt by C. fluminea or mixing of snowmelt into sediment might therefore 

have impacted sample variability if recent snowfall was a major point source of anthropogenic 

microparticles on this sampling date. In contrast, in August 2022, an extreme flood occurred 

prior to sampling (Table 4.S1.) that led to prolonged high flow, turbid water, and channel 

geomorphological changes. August 2022 was the only month that no clam samples were above 

the LOD, and only one sediment replicate sample was above the LOD (Fig. 4.2.). The clam 

population was also lower, leading to difficulty collecting a sufficient number of healthy samples 

(Table 4.S2.). These August 2022 samples likely demonstrate a large-scale flushing of 

anthropogenic microparticles from the system as well as a die-off of the C. fluminea population 

(via the large proportion of discarded individuals to the quantity sampled; Table 4.S2.). In the 

cases of both February 2022 and August 2022, unusual water delivery to the stream may have 
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led to the respectively high and low anthropogenic microparticle content in both clam and 

sediment samples. Thus, while quantitative biomonitoring may be unsuccessful between the two 

compartments, qualitative indication of the extremes in anthropogenic microparticle fluctuation 

(i.e., exceptionally high or low levels of these microparticles) might still be feasible even in a 

highly variable environment. 

4.5.3. The Potential of C. fluminea as a Bioindicator of Anthropogenic Microparticles 

in the Environment 

The first direct proposal of C. fluminea as a bioindicator used significant and positive 

linear relationships between anthropogenic microparticle content in the clams and sediment or 

water samples as evidence of their bioindication potential (Su et al., 2018). Considering these 

correlations as requirements, bioindication would be unsuccessful across our sample set, which is 

likely due to the temporal variability of the urban stream we studied. Nonetheless, C. fluminea is 

the only species present in our study system that allows us to compare findings in the same 

organism for 16 countries spanning five continents (Fig. 4.5.; Table 4.S5.). Across these studies, 

the preferential uptake of microfibers is remarkably consistent and includes both plastic and non-

plastic materials of human origin (Fig. 4.5.; Table 4.S5.). Although seasonal controls could affect 

how reliably C. fluminea demonstrates high resolution temporal changes in anthropogenic 

microparticle content and preferential selection of these microparticles might lead to higher 

levels of specific materials (e.g., PET), we found that C. fluminea still indicates the most 

common type of anthropogenic microparticle contamination (i.e., microfibers) in the surrounding 

environment. As an organism available across widespread freshwater hydrologic systems, C. 

fluminea can therefore be readily used to identify the most prevalent sources of microplastic 

pollution and global-scale commonalities or differences in anthropogenic microparticle 
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contamination sourcing. The findings of C. fluminea uptake are also relevant for understanding 

the entry of anthropogenic microparticles into aquatic and terrestrial food webs. 

One element that inhibited thorough comparison of our results across studies was 

differences in reporting for anthropogenic microparticle content in samples and blanks as well as 

inconsistencies in background correction methods. Regardless of whether blank correction is 

used, reporting the quantities of anthropogenic microparticles in the blanks that are needed to 

correct data or calculate the LOD should be standard. For studies with C. fluminea, reporting of 

both counts by individual and per gram of tissue mass is necessary. Where conservative blank 

correction methods like the LOD are used, larger sample sizes might be required to ensure 

anthropogenic microparticle content can be detected even if a population has variable rates of 

contamination (i.e., it features individuals both above and below the LOD) that are potentially 

linked to behavior and filtration rates. The major remaining question that would aid our 

understanding of the efficacy of C. fluminea as a bioindicator is how anthropogenic microparticle 

uptake and retention in this species might be affected by changes in surrounding water properties 

(specifically low temperatures and high salinity). 

4.6.  Conclusions 

After sampling human-sourced microparticles in an urban stream’s C. fluminea, water, 

and sediment over a one-year period, we found that the clam species did not effectively 

bioindicate the temporal fluctuations or diversity of anthropogenic microparticles in its 

surrounding environment. Though the two compartments shared a positive trend, sediment 

anthropogenic microparticle content was more strongly controlled by sediment grain size, while 

clam anthropogenic microparticle content was most likely influenced by the connections 

between water quality and clam behavior. C. fluminea also might have selectively taken up 

anthropogenic microparticles, leading to smaller size ranges and a predominance of cotton and 
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PET microparticles compared to the assemblages found in the sediment. However, clams still 

indicated key moments of extreme variation in sediment anthropogenic microparticle content, 

like the high concentrations and variability during snowy conditions in February 2022 and the 

low concentrations after a severe flood in August 2022. Moreover, C. fluminea facilitated 

comparison and identification of the most prevalent contamination type in this stream 

environment (microfibers) and how this morphology may be a shared concern across global 

freshwater systems. 
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4.9. Supplementary Materials 

4.9.1. Supplemental Methods 

4.9.1.1. Method 4.S1. Correction for thawed bivalve samples 

A portion of the bivalve samples (50%; n = 99) experienced a freezer thaw event and lost 

water mass from their Al foil pouches before analysis was completed. We found a significant 

loss of both total and tissue masses for the samples that were thawed (Fig. 4.S1.). To assess the 

potential impacts to anthropogenic microparticle levels in these samples, we examined samples 

from a 3-month period (from April 2022, May 2022, and June 2022; n = 82) in which individual 

bivalve samples both did and did not experience the thaw event. For these samples, we observed 

no significant change to the monthly anthropogenic microparticle levels due to thawing both 

when the total number and the total number normalized to the unaffected shell length were 

compared (Fig. 4.S2.). Though liquid and its associated mass might have been lost from the 

closed clam shells during thawing, we suspect that anthropogenic microparticles were unlikely to 

be lost in this process. These comparisons were performed prior to any blank correction for 

anthropogenic microparticle quantities (see Section 4.3.3.2.).To determine a realistic tissue mass 

for the clam samples that were impacted by the thaw event, we used the significant and positive 

linear relationship between shell length and bivalve mass present in the samples that were 

unaffected by the thaw event (n = 100) to calculate the expected mass for shell length for the 

samples that experienced the thaw event (Fig. 4.S3.). These estimated masses were used to 

normalize the anthropogenic microparticle levels for clam samples that experienced the thawing 

event, both to account for how bivalve size could influence anthropogenic microparticle uptake 

as well as facilitate the comparison of our results to other studies that typically report 

anthropogenic microparticle levels in quantities per tissue mass (Su et al., 2018; Wu et al., 2022). 

4.9.1.2. Method 4.S2. Replication procedures 
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4.9.1.2.1. 4.S2.1. Replicate samples 

To understand the reproducibility of field sampling procedures, field replicates were 

taken for water and sediment in October 2022. The water field replicate consisted of a second  

2 L of water collected alongside the first water sample. The sediment field replicate consisted of 

a second 1-L jar filled with a ~ 1 kg homogenization of sediment subsamples from the same 

three points across the channel as the original sample. Field replicates for both water and 

sediment in October 2022 had similar anthropogenic microparticle content (with both being 

below the LOD in the water and a < 5% difference occurring between the field replicates in the 

sediment; see Hernandez and Hasenmueller, 2024, for additional details). As we only have one 

field replicate collected during one sampling event, this information is reported here but the 

sediment field replicate’s value is not averaged into the total microparticle levels reported for 

sediment in October 2022. 

We analyzed 4-43 individual clams per sampling event, which were also considered 

replicates and were averaged together to quantify a given month’s anthropogenic microparticle 

content in C. fluminea (Table 4.S2.). The full range of anthropogenic microparticle content 

reported for C. fluminea (i.e., minimum to maximum values) still includes data from individual 

clams. The variability of the clam replicates ranged ± 0.0 counts/g to ± 10.8 counts/g. For the 

subset of clam replicates with sufficient quantities of anthropogenic microparticles (n > 2 per 

individual) to be analyzed on µ-FTIR, we found consistency in the identified material types 

between replicates (all cotton and PET), though this outcome might relate to consistent color-

morphology combinations in the clam replicates analyzed with µ-FTIR (Fig. 4.S4.). 

Two sediment laboratory replicates were processed from each month’s homogenized 

sample jar to account for any variability in the homogenized sample that might not be captured 

by a single ~ 250 g subset. Each month’s anthropogenic microparticle content in sediment is 
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therefore an average of the two laboratory replicates taken from the single homogenized sample 

jar, though the minimum to maximum values reported in sediment still include individual 

replicate data. The variability of laboratory sediment replicates ranged ± 0.7 counts/kg to  

± 49.8 counts/kg, showing that some sample jars may have had more heterogeneous 

anthropogenic microparticle distributions than others, despite the sample homogenization. The 

most variable month (i.e., the highest standard deviation) for both clam and sediment replicates 

was February 2022. 

Typically, the color and morphology of the anthropogenic microparticles were similar 

between sediment replicates (Fig. 4.S5. (A)). However, anthropogenic microparticle material 

types analyzed with µ-FTIR were different between the subset of sediment replicates that 

featured sufficient quantities of anthropogenic microparticles (n > 2 per replicate) such that they 

could be analyzed for material type (Fig. 4.S5. (B)). These differences might relate to the more 

diverse color-morphology combinations randomly chosen for analysis with µ-FTIR, which often 

were not similar between the analyzed sediment replicates (Fig. 4.S5. (C)). 

4.9.1.2.2. 4.S2.2. Cross-channel sampling 

To determine how well the homogenization of three points across the channel represented 

a summary of the cross-channel variation, we collected three separate (i.e., non-homogenized) 

samples of ~ 1 kg each at each of the three subsampling points to compare to the co-collected 

homogenized original sample jar. These three non-homogenized subsamples were collected 

during the October 2022 sampling event. However, the average anthropogenic microparticle 

quantities found in the three non-homogenized cross-channel sediment subsamples were lower 

than what was found in the homogenized sediment sample average, though, notably, two of the 

cross-channel subsamples were below the LOD (Fig. 4.S6.). Additionally, though major 

anthropogenic microparticle types were similar between the non-homogenized cross-channel 
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sediment subsamples and the co-occurring homogenized sediment sample (i.e., blue and clear 

fibers), less common anthropogenic microparticles were different between the two sample types 

(Fig. 4.S6.). 

4.9.1.2.3. 4.S2.3. Visual identification replication 

We assessed the variability of our anthropogenic microparticle visual identification 

results depending on laboratory technician for ~ 10% of the clam samples (n = 27) by having a 

second worker repeat the count for the selected sample subset. These samples included clams 

collected in November 2021, February 2022, April 2022, June 2022, and July 2022. The second 

laboratory technician typically found fewer anthropogenic microparticles than the first laboratory 

technician (i.e., the average difference from the first to the second count was -0.7 total counts 

and -2.0 counts/g), which we assume is related to experience level and the potential loss of 

anthropogenic microparticles from the filters during the first visual inspection. These data are 

presented in Fig. 4.S7. 
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4.9.2. Supplemental Tables 

Table 4.S1. Discharge data for the sampling dates (data are summarized from USGS gauge 07010086; USGS, 2025). 

Date 
Dischargea 
(m³/s) 

Prior 20-Day Discharge 
Averageb (m³/s) 

Days Since Last Floodc (days) 
Discharge Peak of Last Floodc 
(m³/s) 

2021-11-21 0.09 0.12 24 7.33 

2021-12-14 0.03 0.20 4 6.97 

2022-01-14 0.15 0.59 13 10.45 

2022-02-28 0.39 1.81 6 3.65 

2022-03-14 0.17 1.61 9 124.31 

2022-04-27 0.27 1.12 2 5.58 

2022-05-11 0.33 1.88 6 83.25 

2022-06-15 0.11 0.59 6 16.71 

2022-07-21 0.07 0.45 4 6.99 

2022-08-12 0.23 12.14 8 216.34 

2022-09-09 0.12 1.19 4 50.12 

2022-10-17 0.02 0.07 5 2.76 
aThe discharge value recorded at 09:00 on the sample date. 
bThe discharge was averaged for the 20-day period leading up to each sampling date (e.g., 1 November 2021 to 21 November 2021 for the 21 November 2021 sampling date). 
cThe last flood is defined as the most recent flood event that reached discharge values > 2 m3/s.  
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Table 4.S2. Sampling informationa and stream physicochemical data for each of the sampling dates. 

Date and Time 
Total 

Sampled 
Bivalves 

Discarded 
Bivalvesb 

Processed 
Bivalves 

TSS 
(mg/L) 

Water 
Temperature 

(°C) 

Specific 
Conductivity 

(µS/cm) 

Channel 
Width (m) 

Point 1 
Water 
Depth 
(cm) 

Point 2 
Water 
Depth 
(cm) 

Point 3 
Water 
Depth 
(cm) 

2021-11-21 9:15 20 6 14 22 8.2 563.2 15.5 5.1 3.8 0.0 

2021-12-14 9:10 5 1 4 17 5.1 667.5 13.5 6.4 10.2 0.0 

2022-01-14 9:10 10 0 10 9 2.3 1388.0 12.5 17.8 15.2 0.0 

2022-02-28 9:05 13 2 11 11 3.1 5170.0 12.0 15.2 15.2 12.7 

2022-03-15 9:05 8 3 5 7 9.2 1740.0 13.5 12.7 12.7 0.0 

2022-04-27 8:46 21 2 19 7 13.7 901.0 8.5 12.7 10.2 11.4 

2022-05-11 9:16 60 17 43 7 23.1 1182.0 13.0 5.1 12.7 16.5 

2022-06-15 9:25 22 2 20 4 27.1 1027.0 8.5 14.0 15.2 16.5 

2022-07-21 9:30 21 3 18 3 25.8 728.0 8.5 19.1 15.2 12.7 

2022-08-12 9:15 23 15 8 3 23.2 1055.0 9.0 24.1 5.1 8.9 

2022-09-09 9:50 19 6 13 4 21.0 890.0 9.0 5.1 5.1 5.1 

2022-10-17 9:15 53 19 34 2 9.7 459.8 9.0 15.2 3.8 5.1 

aSampling information for the sediment subsamples (that were taken at three points spread evenly across each site’s entire channel width) are included in the table. 
bSome bivalves were discarded due to their small size (< 15 mm) or their shells being filled with sand.   
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Table 4.S3. Anthropogenic microparticle amounts and types found in blanks and the calculated LOD for each sample type. 

Blank Type 
Total Black Fiber Blue Fiber Blue Fragment Clear Fiber Pink Fiber Red Fiber 

(counts) (counts) (counts) (counts) (counts) (counts) (counts) 

Water Blank 1 4 0 2 0 2 0 0 
Water Blank 2 4 0 1 0 3 0 0 
Water Blank 3 3 0 2 0 0 0 0 
Water Blank 4 3 0 2 0 1 0 0 
Water Blank 5 2 0 1 0 1 0 0 
Water Blank 6 2 0 2 0 0 0 0 
Water Blank 7 1 0 0 1 0 0 0 
Water Blank 8 4 0 0 0 1 0 0 
Water Blank 9 3 1 1 0 1 0 1 
Water Blank 10 3 1 2 0 0 0 0 

Average 2.71       

Standard Deviation 1.10       

Water LOD 6 counts       

Sediment Blank 1 4 1 1 0 2 0 0 
Sediment Blank 2 3 0 1 0 2 0 0 
Sediment Blank 3 3 0 2 0 1 0 0 
Sediment Blank 4 4 0 2 0 2 0 0 
Sediment Blank 5 3 0 0 0 3 0 0 
Sediment Blank 6 4 0 0 0 4 0 0 

Average 3.50       

Standard Deviation 0.50       

Sediment LOD 5 counts       

Clam Blank 1 2 0 0 0 2 0 0 
Clam Blank 2 0 0 0 0 0 0 0 
Clam Blank 3 0 0 0 0 0 0 0 
Clam Blank 4 3 0 0 0 3 0 0 
Clam Blank 5 1 0 0 0 1 0 0 
Clam Blank 6 1 0 0 0 1 0 0 
Clam Blank 7 0 0 0 0 0 0 0 
Clam Blank 8 1 0 0 0 1 0 0 

Average 1.00       

Standard Deviation 1.00       

Clam LOD 4 counts       

   



131 
 

Table 4.S4. The p values for comparisons between each month’s anthropogenic microparticle levels in clam using pairwise Wilcoxon 
tests. Significant differences are bolded. 

Month NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP 

DEC 0.56           
JAN 0.03 0.76          
FEB 0.80 0.78 0.24         

MAR 0.49 0.97 0.80 0.56        
APR 0.03 0.80 0.80 0.28 0.99       
MAY 0.00 0.80 0.80 0.08 0.82 1.00      
JUN 0.02 0.80 1.00 0.23 0.80 0.82 0.80     
JUL 0.00 0.70 1.00 0.14 0.80 0.80 0.80 1.00    

AUG 0.03 0.53 0.70 0.19 0.54 0.54 0.53 0.68 0.66   
SEP 0.12 1.00 0.54 0.53 0.99 0.70 0.52 0.53 0.50 0.34  

OCT 0.00 0.25 0.65 0.00 0.35 0.30 0.23 0.54 0.53 0.80 0.04 
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Table 4.S5. Comparison of anthropogenic microparticle content in C. fluminea, water, and sediment for prior studies as well as our 
work (last row). 

Study Location 
Range in C. 
flumineaa 

Range in 
Sediment 

Range in 
Water 

Most Common 
Morphology in 
C. fluminea 

Most Common 
Materials in C. 
fluminea 

Blank Levels Correction 

Su et al. (2016)b 
Taihu Lake, 
China 

0.2-12.5 
counts/g  

11.0-234.6 
counts/kg  

3.4-25.8 
counts/L 

Fibers (> 50%) 
Cellophane (31%), 
non-plastic (31%), 
PET (19%) 

Not reported None 

Su et al. (2018) 
Yangtze River 
Basin, China 

0.3-4.9 
counts/g;  
0.4-5.0 
counts/ind.  

15.0-160.0 
counts/kg 

0.5-3.1 
counts/L 

Fibers (> 60%) 
PET (33%), PP 
(19%), non-plastic 
(19%) 

0-3.0 
microparticles 

None 

McCoy et al. (2020) 
River Thames, 
United Kingdom 

0-24.0 
counts/ind. 

  Fibers (> 99%) 
Organic (40%), semi-
synthetic (38%), PP 
(7%) 

Not quantified 
in text 

Subtraction 

Della Torre et al. 
(2023) 

Lake Maggiore, 
Italy 

0-6.0 
counts/ind. 

  Fibers (86%) 
Cellulose (~50%), 
natural polyamide 
(31%) 

Not quantified 
in text 

None 

Ditlhakanyane et 
al. (2023) 

Gaborone Dam, 
Botswana 

0.2-0.5 
counts/ind.c 

 
36.0-76.0 
counts/L 

Fibers (42%) Not reported Not reported None 

Giarratano et al. 
(2024) 

Chubut River, 
Argentina 

0.2-2.9 items/g;  
0.2-12.5 
counts/ind. 

  Fibers (47%) 
PET (45%), indigo 
blue (27%), cotton 
(18%) 

3.2 
microparticles 

Subtraction 

Stankovic et al. 
(2024)d 

Danube River,  
EU (DE, AT, 
HU, SK, HR, 
RS, BA, RO, 
BG) 

3.9-28.7 
counts/ind. 

  Fibers (60%) 
PET (48%), 
polycarbonate (26%) 

6.0 
microparticles 

Excluded fibers 
from further 
analysis 

Vidal et al. (2023) 
Loire River, 
France 

1.3-24.6 
counts/g;  
1.1-8.8 
counts/ind. 

142.1-800.0 
counts/kg 

0-29.0 
counts/L 

Fragments 
(65%) 

Polyethylene (> 60%) 
0-4.0 
microparticles 

Subtraction 

This Chapter 
Deer Creek, 
United States 

0-31.4 
counts/g;  
0-15.0 
counts/ind. 

0-188.6 
counts/kg 

< LOD [0-2.7 
counts/L] 

Fiber (> 99%) 
Cotton (54%) [all 
non-plastic: 61%], 
PET (37%) 

0-3.0 
microparticles 

Removed 
microparticles 
below LOD of 4.0 

aCounts per individual are abbreviated as “counts/ind.”. 
bThe Su et al. (2016) study is not used in the global map (Fig. 4.5.) because it does not report counts per individual. 
cThe data were reported as 3.2-8.0 counts/site, but 16 individuals were collected per site. 
dFibers and fragments were reported as separate counts but were combined here for comparison to other data.  
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4.9.3. Supplemental Figures 

 

 
Figure 4.S1. A comparison of the clams’ total mass (tissue + shell) to shell length ratio (left) 
and the clams’ tissue mass to shell length ratio (right) for samples that did and did not 
experience the thaw event. The p values for Welch’s t test are provided above the plots. 
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Figure 4.S2. A comparison of the total anthropogenic microparticles per individual (top) and 
the total anthropogenic microparticles normalized to shell length (bottom) for sets of individual 
clams that did and did not experience the thawing event. Data for the April 2022, May 2022, and 
June 2022 (left to right) sampling events are presented. The p values for Welch’s t test are 
provided above the plots. 
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Figure 4.S3. The relationship between the total mass and shell length (left) as well as the tissue 
mass and shell length (right) for the bivalve samples. Individuals that did (red circles) and did 
not (green circles) experience the thawing event are shown. We also estimated the pre-thaw 
masses of the thawed individuals from the relationship between masses and shell lengths for 
samples that did not experience the thawing event. These estimated original masses are shown as 
light red circles.   
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Figure 4.S4. (A) A comparison of material types between clam replicate subsets (n = 5 from 
February 2022 and May 2022) where at least two anthropogenic microparticles from each 
replicate were analyzed using µ-FTIR (with the n value for the analyzed anthropogenic 
microparticles above each bar). (B) The color and morphology characteristics of the subset of 
clam anthropogenic microparticles run for material types in (A).  
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Figure 4.S5. (A) A comparison of the color and morphology attributes of the anthropogenic 

microparticles in sediment laboratory replicates for every month (n = 24). For each month, the 

left column is the first replicate (R1), and the right column is the second replicate (R2). (B) A 

comparison of material types between sediment laboratory replicates for a subset of the 

replicates (n = 6 including November 2021, January 2022, and April 2022) where at least two 

anthropogenic microparticles from each replicate were analyzed using µ-FTIR (with the n value 

for the analyzed anthropogenic microparticles above each bar). For each month, the left column 

is the first replicate (R1), and the right column is the second replicate (R2). (C) The color and 

morphology characteristics of the subset of sediment anthropogenic microparticles run for 

material types in (B). For interpretation of the anthropogenic microparticle types seen in (C), 

reference the legend in (A).   
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Figure 4.S6. The cross-channel sediment anthropogenic microparticle data from the October 

2022 sampling event. (A) The colors and morphologies found in each of the three, non-

homogenized sediment subsamples, the averaged data for the three, non-homogenized sediment 

subsamples, and the homogenized sample and its laboratory replicate. (B) A visualization of the 

three subsampling locations across the channel with the depth of each point (left) and an image 

of the site in October 2022 (right).  
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Figure 4.S7. The LOD-corrected data from clam samples counted by two laboratory 
technicians. The total number of anthropogenic microparticles found by each worker per 
replicate (top) as well as the count normalized to tissue mass (bottom) are shown.   
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Figure 4.S8. (A) The percentages of anthropogenic microparticle colors and morphologies for 
each month in all the clam replicates (sample n = 4-43 per month) and sediment laboratory 
replicates (sample n = 2 per month) that were above the LOD (the anthropogenic microparticle 
n values per month are shown above the plots). (B) The percentages of anthropogenic 
microparticle material types for each month in the subset of clam and sediment replicates that 
were analyzed with µ-FTIR (the anthropogenic microparticle n values per month are shown 
above the plots).  
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Figure 4.S9. (A) Anthropogenic microparticle concentrations and their variability in clams each 
month compared to water temperature. (B) Anthropogenic microparticle abundances in clams 
compared to sediment, where each point is labeled with the month when the data were collected. 
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CHAPTER 5: URBANIZATION AND HUMIDITY IMPACT ATMOSPHERIC 

DEPOSITION OF ANTHROPOGENIC MICROPARTICLES (INCLUDING 

MICROPLASTICS) IN A HUMID SUBTROPICAL CITY 

5.1. Abstract 

The fate of anthropogenic microparticles (i.e., microplastics as well as other natural and 

semi-synthetic materials of < 5 mm) that have been suspended in and transported through the 

atmosphere remains understudied. Though early work suggests high levels of microplastic 

deposition from the atmosphere in humid subtropical megacities, atmospheric anthropogenic 

microparticle deposition has not been assessed in the comparatively less-populated humid 

subtropical region of the central United States. Our study thus analyzes atmospheric deposition 

samples for anthropogenic microparticles (including microplastics) at an urban and suburban site 

in the St. Louis, Missouri, United States, metropolitan area over 1 year. Anthropogenic 

microparticles in atmospheric fallout samples were found from below our limit of detection 

(LOD) up to 312.9 particles/m2/day. The urban site had a significantly higher  

101.7 particles/m2/day average deposition rate compared to the suburban site’s average 

deposition rate of 43.3 particles/m2/day. At both sites, microfibers were the most common 

anthropogenic microparticles that we found, and microplastics (i.e., fully synthetic substances) 

made up 41% and 49% of the material types that were analyzed for the suburban and urban sites, 

respectively. Cotton and polyethylene terephthalate (PET) were the most prevalent material types 

that we identified. Higher relative humidity enhanced anthropogenic microparticle deposition 

and was a key factor impacting the temporal fluctuation in anthropogenic microparticle 

deposition rates throughout the year of sampling. In comparison to research globally, 

anthropogenic microparticle deposition in the St. Louis region was comparable in quantities and 

types to the previously studied humid subtropical megacities despite large population 



144 
 

differences. Thus, climate might be a stronger driver of atmospheric anthropogenic microparticle 

deposition dynamics than population size. 

5.2. Introduction 

Though microplastics are a well-known and widespread contaminant, the study of 

atmospheric microplastics is an emerging subfield that has only been explored in the past decade 

(Zhang et al., 2020). Since the first publication on microplastic deposition from the atmosphere 

in 2015, research in recent years has found that both microplastics and other anthropogenic 

microparticles (especially cellulosic microfibers) are ubiquitously present and transported in the 

global atmosphere (Dris et al., 2015; Evangeliou et al., 2020; Finnegan et al., 2022; O’Brien et 

al., 2023; Zhang et al., 2020). Anthropogenic microparticle deposition (assessed via passively 

collected samples of fallout materials) or presence (assessed via actively pumped samples of 

suspended materials) has been found in a vast range of environments including remote locations 

(e.g., ocean and Antarctic settings; Trainic et al., 2020; Illuminati et al., 2024), sparsely to 

densely populated areas (e.g., suburban areas and megacities; Shruti et al., 2022; Jia et al., 2022), 

and across a range of altitudes up to the troposphere (Allen et al., 2021; Napper et al., 2020). 

The deposition of anthropogenic microparticles can be as low as < 10 particles/m2/day 

and as high as > 10,000 particles/m2/day (Jia et al., 2022; O’Brien et al., 2023; Stanton et al., 

2019; Welsh et al., 2022). These deposition rates have been found to vary independently of 

population size and land use and can feature opposite relationships in different locations (e.g., 

rural areas found with relatively higher deposition levels in Klein and Fischer, 2019, compared to 

urban areas found with relatively higher deposition levels in Kernchen et al., 2022, and O’Brien 

et al., 2023). Globally, current research suggests that climate may play a more important role in 

long-term deposition rate differences compared to land use, though land use can have noticeable 

effects in local studies of anthropogenic microparticle deposition (Leonard et al., 2024). In 
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addition to long-term climate and location attributes (e.g., altitude or land use), short-term 

weather fluctuations (e.g., precipitation events) and changing activity levels in populated areas 

might also affect the anthropogenic microparticle deposition trends (Abbasi, 2021; Beaurepaire 

et al., 2024). 

Despite the recent growth in research on atmospheric microplastics, the consensus is that 

further work is required because the atmosphere is one of the least studied environmental 

compartments for these pollutants (Abbasi et al., 2023; Wright et al., 2020; Zhang et al., 2020). 

Additionally, only a few studies have assessed atmospheric microplastics in temperate or arid 

locations within the United States, and a knowledge gap persists on microplastic deposition in 

the country’s humid subtropical region (i.e., in the central and southeastern United States; Allen 

et al., 2022; Brahney et al., 2020; Chandrakanthan et al., 2023; Yao et al., 2022). Globally, other 

studies of atmospheric microplastic deposition under humid subtropical climatic conditions have 

taken place in heavily populated megacities (e.g., Guangzhou, China in Huang et al., 2021, and 

São Paulo, Brazil in Amato-Lourenço et al., 2022; defined as > 10 million people via United 

Nations (UN), 2014), leaving unanswered questions about the relative influences of climate, 

population size, and local sourcing on the atmospheric deposition of microplastics and other 

anthropogenic microparticles. Prior studies also vary in their inclusion or exclusion of semi-

synthetic and non-synthetic microfiber data when reporting deposition rates, despite these types 

of microfibers having similar negative impacts on ecological health compared to fully synthetic 

anthropogenic microparticles (Athey and Erdle, 2022; Finnegan et al., 2022; Kim et al., 2021). 

Therefore, the objective of our study is to characterize anthropogenic microparticles 

(including microplastics, tire and road wear, and modified natural (e.g., cotton) or semi-synthetic 

(e.g., viscose) fibers) in atmospheric deposition in the St. Louis metropolitan area, which is 

located in the central United States and features a humid subtropical climate. We sampled 
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atmospheric deposition approximately weekly over a year-long period at two sites (in urban and 

suburban settings), assessing spatial and temporal controls on anthropogenic microparticle 

fallout variation over time. 

5.3. Materials and Methods 

5.3.1. Study Area 

The metropolitan St. Louis area, located at the confluence of the Mississippi River and 

Missouri River in the central United States, has a population of ~ 2.8 million people and is 

therefore classified as a large city using the National Center for Education Statistics (NCES) 

classification (i.e., a population > 250,000; East-West Gateway, 2024; Geverdt, 2019). St. Louis 

has a humid subtropical climate according to the Köppen-Geiger climate classification, with four 

distinct seasons including drier winters with snowfall as well as rainy conditions in spring 

months (NWS, 2024). Several air quality monitoring stations across the city provide air quality 

data such as PM-2.5, PM-10, and O3 values, and weather stations provide local meteorologic 

data (see Fig. 5.1.; USEPA, 2024).   

We examined atmospheric deposition of anthropogenic microparticles at two sites, 

including an urban site in St. Louis City and a suburban site in St. Louis County (Fig. 5.1.). The 

two sites were selected to examine potential differences between urban and suburban 

anthropogenic microparticle deposition and because they both have prohibited public access, 

which avoids direct interference with our samplers. In detail, the urban site is a private, three-

story rooftop access on Saint Louis University’s campus in St. Louis’ Midtown neighborhood 

and the suburban site is a gated field research center that features a stream system, restored 

native prairies and forests, and a nearby residential community. We were unable to identify a 

suburban site with a similar elevation to the rooftop of the building in urban St. Louis. Elevation 

differences therefore exist between the sites that could potentially influence deposition rates 
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(Table 5.1.). The suburban site also had slightly more trees nearby than the urban site, though in 

both cases the nearest tree was > 10 m away from the samplers (i.e., trees did not cover our 

sampling apparatuses). 

 

Figure 5.1. The sampling site locations in St. Louis City and St. Louis County (the basemap is 
from Esri, 2019), with the locations for atmospheric data collection (i.e., air quality data from 
the Blair Street and Ladue stations and meteorologic data from the STL ASOS site) as well as an 
image of the anthropogenic microparticle deposition sampler at the suburban site. 
 

Table 5.1. Information about the sampling sites.  

Site Location 
Populationa 
(people/km2) 

Elevation above 
Ground Levelb (m) 

Urban 
College campus 

rooftop 
1886.11 158.9 

Suburban 
Field research 

station 
763.36 146.9 

aData are from the United States Census (2020). 
bData are from the USGS (2017). 
 

5.3.2. Total Atmospheric Anthropogenic Microparticle Deposition Sampling 
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Total anthropogenic microparticle atmospheric fallout samples (from both wet and dry 

deposition) were collected approximately every 8 days (with a range of 3-17 days) from the two 

sampling sites. The suburban research center site was sampled from April 2023 to April 2024, 

and the urban campus site was added from June 2023 to April 2024. In total, both sites were 

simultaneously sampled 33 times between June 2023 and April 2024 (Table 5.S1.). Atmospheric 

deposition was collected with a stainless-steel funnel connected to a 1-L amber glass bottle at 

each site (see Fig. 5.1.; Dris et al., 2016). Bright green cotton-vinyl duct tape was used to secure 

the sampler components in the field (Fig. 5.1.). We selected this distinct color to facilitate the 

identification of any anthropogenic microparticles released from the tape. On each collection 

date, 100 mL of filtered distilled deionized (DDI) water was used to thoroughly rinse any 

anthropogenic microparticles from the funnel into the sample bottle before removing the funnel 

to store the sample. 

5.3.3. Anthropogenic Microparticle Characterization 

5.3.3.1. Environmental samples 

The atmospheric deposition samples were vacuum-filtered with an all-glass filtration 

system onto 0.45-µm mixed cellulose ester filters. The resulting filters were visually examined 

for suspected anthropogenic microparticles (including microplastics, tire and road wear, and 

modified natural (e.g., cotton) or semi-synthetic (e.g., viscose) fibers) using criteria such as no 

organic structures, no tapering fibers, and resistance to breakage to identify the microparticles 

that were likely of human origin (see Hasenmueller et al., 2023, for the full criteria). The visual 

identification process had a lower size limit of 100 µm. Each suspected anthropogenic 

microparticle was then photographed, characterized by its color and morphology, and measured 

for size along its longest axis. The suspected anthropogenic microparticles were next removed 

from the filter to be stored in filtered 10% ethanol for subsequent material type analysis. The 
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deposition rate for each sample in particles/m2/day was calculated following the standard method 

of dividing the anthropogenic microparticle count for each sample by the area of the opening of 

the sampler (0.021 m2) and the sampling interval in days (Zhou et al., 2017; Liu et al., 2022). 

The chemical compositions of the suspected anthropogenic microparticles from the 

atmospheric deposition samples were analyzed with micro-Fourier Transform Infrared (µ-FTIR) 

spectroscopy using a Thermo Fisher Scientific Nicolet iN5 FTIR instrument. A subset of 7% of 

the total suspected anthropogenic microparticles (n = 65) were analyzed with µ-FTIR. We sought 

to analyze ~ 7% of each color-morphology category, though some rare color-morphology 

combinations were not analyzed (Table 5.S2.). The anthropogenic microparticles were mounted 

on aluminum foil-covered slides for analysis with the µ-FTIR, which measured attenuated total 

reflectance across wavenumbers 4000-650 nm with a germanium crystal. Resulting spectra were 

corrected with atmospheric suppression. 

We compared our spectra to both the instrument’s default library as well as added 

libraries for microplastic analysis (e.g., FLOPP from De Frond et al., 2021; Primpke et al., 

2018). The µ-FTIR OMNIC software produces a correlation-based match value for each top 

match within these libraries. We accepted spectra only with matches > 70%, though our goal was 

a match of > 90% (Lusher et al., 2017; Harris et al., 2021). Our match rate averaged 92%, but a 

small quantity of the suspected anthropogenic microparticles (n = 4) had no match greater than 

70% in the OMNIC software. The spectra for these microparticles were uploaded to Open Specy 

to check for matches with additional libraries employing automatic preprocessing steps of min-

max normalization, smoothing, and wavenumber conformation using linear interpolation (see 

Cowger et al., 2021). If the Open Specy match value was > 0.8 and the top two matches were for 

the same material type, these matches were accepted. Despite these efforts, two of the four 

microparticles remained undefined. When the microparticles matched with cellulosic material, 
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they were called “anthropogenic” if they were dyed a humanmade color (typically blue) or were 

called “unknown” if they were not obviously dyed but did not match with plant material. 

5.3.3.2. Quality assurance and quality control measures 

A series of contamination reduction measures were used during the sample processing 

steps including wiping down all surfaces, triple rinsing glassware with filtered DDI water, 

covering containers and equipment with aluminum foil when they were not in use, filtering in a 

fume hood, and wearing brightly colored 100% cotton attire to allow for the identification of 

contamination from clothing. We collected blanks for the atmospheric deposition samplers by 

using the clean steel funnel and glass bottle setup rinsed with 100 mL of filtered DDI water both 

in the field (n = 2) and laboratory (n = 1). These blanks were subsequently processed alongside 

our environmental samples. We also collected laboratory filtration blanks (n = 5) by filtering 1 L 

of prefiltered DDI water during environmental sample processing to check for any contamination 

caused by the filtration methods. 

Similar quantities of anthropogenic microparticles were present in both of our types of 

blanks (i.e., 3-5 anthropogenic microparticles per individual blank). Thus, the two blank types 

were combined to calculate a limit of detection (LOD) for our method to blank-correct the 

atmospheric deposition data. The LOD was calculated as the average of the blank values plus 

three standard deviations (Table 5.S3.; Dawson et al., 2023). Since the two blank types cannot 

consistently be reported in the standard units for atmospheric deposition of anthropogenic 

microparticles (particles/m2/day), the LOD was applied to the total quantities of each 

environmental sample before normalizing to the typical sample units and therefore was rounded 

to a whole number (Table 5.S3.). When the sample anthropogenic microparticle quantities were 

below the LOD, they were corrected to zero before calculating the deposition rate, which 
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resulted in deposition rates of zero for these samples. The averages reported for our two sites 

include these below LOD zero values. 

Prior to beginning the analysis of the atmospheric deposition samples from the urban 

rooftop, we collected two replicate samples at two locations on the roof to determine if the 

rooftop infrastructure (e.g., exhaust fans) impacted the anthropogenic microparticle deposition 

rates as well as to concurrently estimate the variability of replicate atmospheric deposition 

samples (Fig. 5.S1.). The two roof sampling locations included a site far from all the building’s 

infrastructure, which was ultimately chosen for weekly sampling, as well as a site on the 

opposite side of the building’s roof that was near exhaust fans (Fig. 5.S1.). 

5.3.4. Landscape, Meteorologic, and Air Quality Data Collection 

We assessed the relationships between anthropogenic microparticle deposition and the 

landscape attributes, meteorologic conditions, and air quality characteristics at our selected sites. 

Site elevations were obtained from a high-resolution (1 m) digital elevation model (DEM; 

USGS, 2017). We also assessed differences between typical times of year with leaf cover 

(defined as April to October) and without leaf cover (defined as November to March). Hourly 

meteorologic data were collected from an Automated Surface Observing System unit located at 

St. Louis Lambert International Airport (i.e., the STL site; Iowa Environmental Mesonet (IEM), 

2025). Daily or sub-daily air quality data (USEPA, 2024) were collected for PM-2.5 and PM-10 

at the Blair Street station (295100085) and PM-2.5 at the Ladue station (291893001). The Ladue 

station was nearer to our suburban site but lacked other air quality parameters. 

The ASOS Network (IEM, 2025) precipitation data for each sampling period were 

considered with the liquid volume we found in our sampling apparatuses prior to our funnel 

rinsing step to classify our atmospheric deposition samples as either wet or dry deposition (Table 

5.S1.). In detail, when the volume of water in the collected sample was < 15 mL and the total 
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quantity of the precipitation over the sampling period was < 4 mm, the sample was considered 

dry deposition. In cases where the sample volume and precipitation data did not both meet these 

criteria, we used the sample volume to define the deposition type due to the potential for variable 

weather between the sampling sites and the STL ASOS Network station. Specifically, on the few 

occasions where the sample volume was < 15 mL but the precipitation was > 4 mm during the 

monitoring period (n = 4 samples), samples were considered dry deposition. When the sample 

volume was > 15 mL but the precipitation was < 4 mm during the monitoring period (n = 3 

samples), the samples were considered wet deposition. 

5.3.5. Data Analysis 

Geospatial analyses were conducted using ArcGIS Pro Version 3.0.3. All statistical 

analyses were performed in R and Microsoft Excel. Microparticle data were non-normal, so non-

parametric tests were used to analyzed the datasets (e.g., Spearman’s rank correlation coefficient 

and Wilcoxon signed-rank tests, with α = 0.05 for all analyses). Figures were created using 

ArcGIS Pro Version 3.0.3, R, and Microsoft Excel. 

 

5.4. Results 

5.4.1. Quality Assurance and Quality Control Measures 

Field and laboratory blanks had 3-5 anthropogenic microparticles identified per 

individual blank, resulting in a calculated LOD of 5 anthropogenic microparticles (Table 5.S3.). 

A subset of four anthropogenic microparticles from the blanks (~ 15% of the total 27 

anthropogenic microparticles identified within eight blanks) were analyzed with µ-FTIR to 

determine the common types of materials present in contamination. The identified blank material 

types included cotton (n = 3) and polyethylene terephthalate (PET; n = 1). The replicates 
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collected at both the roof subsites (see Fig. 5.S1.) had similar quantities of anthropogenic 

microparticles deposited during the collection period (i.e., < 20% difference), suggesting that, 

within a small area (i.e., on one rooftop), the atmospheric deposition sampling procedure is 

reproducible. However, the anthropogenic microparticle diversity varied somewhat between the 

two roof subsites (Fig. 5.S1.), with the subsite near the exhaust fans for the building featuring 

black fibers but no uniquely colored (i.e., red, pink, and orange) fibers compared to the subsite 

that was away from this building infrastructure. The subsite option farther from the rooftop’s 

exhaust fans was ultimately chosen for our study to avoid the potential influence of the rooftop 

fans on air circulation. We found that our variable sampling period lengths (3-17 days; see Table 

5.S1.) did not influence the key trends in the anthropogenic microparticle data (see Supplemental 

Information 5.S1.; Fig. 5.S2.). 

 

5.4.2. Anthropogenic Microparticle Content in Atmospheric Deposition 

Over the monitoring period, the suburban site had deposition rates from below the LOD 

(n = 13) to 154.8 particles/m2/day, with an average and standard deviation of  

43.3 ± 42.2 particles/m2/day (total sample n = 40; Fig. 5.2. (A)). The urban site had deposition 

rates from below the LOD (n = 4) to 312.9 particles/m2/day, with an average and standard 

deviation of 101.7 ± 71.1 particles/m2/day (total sample n = 37; Fig. 5.2. (A)). The urban site had 

significantly higher anthropogenic microparticle deposition than the suburban site (Fig. 5.2. (B)). 

Quantities of anthropogenic microparticles deposited at the two sites for shared sampling dates 

had a significant and positive correlation (Spearman’s ρ = 0.37; Fig. 5.2. (C)). 

The anthropogenic microparticle characteristics were similar between the two sites, with 

the majority of the samples being fibers (> 99%). The most common color-morphology 

combinations included blue fibers (urban site = 44% and suburban site = 38%) and clear fibers 

(urban site = 34% and suburban site = 43%; Fig. 5.3. (A)). Cotton and PET were the most 
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common material types at both sites, but the urban site had a slightly higher percentage of 

synthetic materials at 49% compared to the suburban site at 41% (Fig. 5.3. (B-C)). Some 

material types were unique to a given sampling site. For example, only one match to tire wear 

(i.e., the top spectral matches were polyethylene (PE) – rubber and PE – tire fragment) was 

found at the urban site, while polypropylene (PP) and styrene acrylonitrile (SAN)/acrylonitrile 

butadiene styrene (ABS) microparticles were found only at the suburban site. The PET spectral 

matches included fits to polyester fibers and polyethylene terephthalate fragments, and one 

microparticle specifically matched with PET shipping label fibers above all other PET types 

(Fig. 5.3. (C)). The anthropogenic microparticle size averages and standard deviations were 

1158.4 ± 742.6 µm at the urban site and 1111.5 ± 823.0 µm at the suburban site. We also 

observed many small black fragments (< 100 µm) in the samples (see the image backgrounds in 

Fig. 5.3. (C)) that we were unable to quantify or characterize as natural versus anthropogenic by 

our visual identification method. Our inability to assess these materials might consequently result 

in underestimation of atmospheric anthropogenic microparticle deposition. 
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Figure 5.2. (A) A comparison of atmospheric deposition rates for the shared sampling events at 
the two sites over time (for additional details about the sampling timesteps, see Fig. 5.S3.). (B) A 
comparison of all the anthropogenic microparticle deposition data for the urban site and 
suburban site (see Table 5.S1. for specific details about the sampling dates). (C) The relationship 
between the atmospheric deposition that was collected concurrently at the two sites. 
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Figure 5.3. (A) Percentages of each anthropogenic microparticle color-morphology 
combination, (B) percentages of each anthropogenic microparticle material type analyzed with 
µ-FTIR, and (C) examples of various anthropogenic microparticle material types identified at 
the urban and suburban sites (each photograph represents 1 mm by 1 mm in scale).  
 

5.4.3. The Relationship between Anthropogenic Microparticle Deposition and 

Atmospheric Conditions 

Deposition type (wet versus dry) and leaf cover (leafed versus bare trees) had no impact 

on anthropogenic microparticle deposition rates (Fig. 5.S4.). Anthropogenic microparticle 

deposition at the urban site had a significant positive correlation with relative humidity averaged 

for each sampling interval as well as a significant negative correlation with wind speed similarly 

averaged for each sampling period (Fig. 5.4.). The suburban anthropogenic microparticle 

deposition rates did not correlate to wind speed (data not shown), and their strongest significant 
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correlation was the positive relationship with average relative humidity, which was a trait shared 

with the urban site (Fig. 5.4.). The suburban site’s deposition rate also had a weak, but 

significant, negative trend with PM-10 (Fig. 5.4.). The only air quality parameter that could be 

compared using stations near both the urban and suburban sites was the PM-2.5 data, which, like 

anthropogenic microparticle deposition, was significantly higher at the urban site (Fig. 5.S5.). 

However, the PM-2.5 values did not correlate with anthropogenic microparticle deposition at 

either site (data not shown). 

 

Figure 5.4. Trends between anthropogenic microparticle deposition and atmospheric condition 
parameters at the (A) urban site and (B) suburban site. The Spearman’s correlation coefficient is 
shown on each plot and all p values are < 0.05. 

5.5. Discussion 
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5.5.1. A Global Comparison of Atmospheric Deposition Rates for Anthropogenic 

Microparticles 

The average deposition rate of anthropogenic microparticles at the urban site (101.7 

particles/m2/day) was similar to some urban areas that used comparable methodologies (e.g., up 

to 110 particles/m2/day in Paris, France; Dris et al., 2016) but much lower than other cities (e.g., 

up to 374 particles/m2/day in Ho Chi Minh City, Vietnam; Truong et al., 2021). These 

comparisons of the quantities of anthropogenic microparticles in atmospheric deposition among 

cities globally (see Table 5.S4.) suggest that population size cannot be the sole factor influencing 

deposition rates. Speculation has arisen recently that climate influences atmospheric 

anthropogenic microparticle deposition more strongly than population, with higher deposition 

potentially occurring in tropical climates where wetter conditions may lead to atmospheric 

moisture adsorbing to the anthropogenic microparticles thereby enhancing their deposition 

(Leonard et al., 2024). 

Indeed, the St. Louis deposition rates are similar to those in other areas that feature a 

humid subtropical climate (e.g., an average of 114 particles/m2/day in Guangzhou, China; Huang 

et al., 2021, and an average of 123 particles/m2/day in São Paulo, Brazil; Amato-Lourenço et al., 

2022), despite the much higher populations in these previously studied megacities (Fig. 5.5.; 

Table 5.S4.). Arid locations tend to have lower deposition rates (< 100 particles/m2/day on 

average; Abbasi and Turner, 2021; Edo et al., 2023), while tropical locations typically have 

higher deposition rates (> 300 particles/m2/day; Truong et al., 2021; Winijkul et al., 2024), 

regardless of population (Fig. 5.5.; Table 5.S4.). Through our comparison with other climates, 

we found inexplicably broad variation in temperate oceanic climates (specifically, extremely 

high deposition levels in London, United Kingdom; Wright et al., 2020). For this reason, we 

visualized global climate and atmospheric anthropogenic microparticle deposition variation both 
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including (i.e., Fig. 5.5. (A-B)) and excluding (i.e., Fig. 5.5. (C)) temperate oceanic climate data. 

With temperate oceanic climate anthropogenic microparticle deposition rates excluded, 

deposition levels globally seem to increase as a given climate’s humidity level increases, though 

we acknowledge that the currently available data are extremely limited across all climates (Fig. 

5.5. (C); Table 5.S4.). 

Though on the global scale, comparisons like these do not provide evidence for higher 

anthropogenic microparticle deposition in more densely populated urban areas compared to 

lower-density urban or remote settings (Table 5.S4.; Leonard et al., 2024), on the local scale, 

gradients of urbanization sometimes do affect anthropogenic microparticle deposition rates. 

Other studies with multiple sites within a single urban area have also recorded higher deposition 

rates at the more densely populated site (e.g., in Paris, France, Dris et al., 2016, and in Hamburg, 

Germany, Klein et al., 2023), which is much like the gradient we observed for our two sites 

within the St. Louis region (Fig. 5.2.). Gradients of anthropogenic microparticle deposition 

related to population might thus be visible on a localized scale within uniform climate zones, 

even though they may not be evident at the global scale due to the more prominent impacts of 

climatic variation. St. Louis’ atmospheric anthropogenic microparticle deposition rates relative to 

those found globally therefore seem to be better explained by climate than by population density, 

though population density might affect localized variation. 
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Figure 5.5. (A) Mapped global data for atmospheric deposition of anthropogenic microparticles 
(see Table 5.S4. for data sources), with colors representing distinct climate zones (Beck et al., 
2023) and circle sizes representing the average anthropogenic microparticle deposition rate for 
a given location. Also shown are boxplot comparisons of anthropogenic microparticle deposition 
rates from (B) each climate zone and (C) each climate zone but excluding the highly variable 
temperate oceanic climate zone. 
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5.5.2. The Characteristics of Deposited Atmospheric Anthropogenic Microparticles 

The prevalence of microfibers found in our St. Louis atmospheric deposition samples is 

consistent with the results from most studies (i.e., 10 of the 11 studies in Table 5.S4. find > 70% 

fibers in atmospheric deposition). Though discussion of microfibers typically focuses on their 

release from the laundering of textiles, research suggests that wearing textiles generates similar 

numbers of these microparticles that are released directly to the air (De Falco et al., 2020). A 

small number of studies have found higher levels of fragments than fibers in atmospheric 

samples (Allen et al., 2019; Klein and Fischer, 2019), but they all had much lower size limits for 

detection (≤ 20 µm). Our methodological size limit of 100 µm might accordingly have led to an 

underestimation of the deposition of small fragments. These smaller anthropogenic 

microparticles are also the most inhalable (Maurizi et al., 2024), and our study therefore cannot 

accurately determine risks associated with airborne anthropogenic microparticles in the St. Louis 

region. Other studies of anthropogenic microparticle deposition in the United States have found a 

majority of microfibers with high levels in small size ranges (e.g., 70% that were < 25 µm in 

Brahney et al., 2020). Thus, higher quantities of small-sized microplastics may contaminate St. 

Louis air more than the larger, less inhalable anthropogenic microparticles that are reported here 

can convey. 

The percentage of synthetic microparticle material types (41% at the suburban site and 

49% at the urban site; Fig. 5.3. (B-C)) compared to non-synthetic material is within the range of 

prior St. Louis area studies of water and sediment and is most like the percentage of synthetic 

material compared to non-synthetic material from sediment near the suburban site (51%; see 

Chapter 4). Nearby settings in the region that are in less developed areas have lower proportions 

of synthetic material in comparison (i.e., 20% synthetic microparticles in Mississippi River 

samples from Rochman et al., 2022, 23% synthetic microparticles in cave water from Baraza and 
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Hasenmueller, 2023, and 29% synthetic microparticles in cave sediment from Hasenmueller et 

al., 2023). Considering this local gradient, our atmospheric deposition samples might therefore 

have a relatively high proportion of synthetic microparticles due to the proximity of the sampling 

sites to higher levels of human activity compared to other prior studies in the region. 

The prevalence of PET among microplastics has been seen in some prior global 

atmospheric deposition studies (e.g., Edo et al., 2023; Huang et al., 2021; Amato-Lourenço et al., 

2022), though others have seen higher proportions of PP (e.g., Truong et al., 2021). Notably, 

other studies that found a prominence of PET include previous work in humid subtropical areas, 

raising the question of whether microplastic material types deposited from the atmosphere could 

vary across climate zones due to polymer characteristics through density variations, which 

impact microplastic settling in fluid environments (Waldschläger and Schüttrumpf, 2019), or 

variable water absorption, which could cause humidity-controlled variation in the material types 

that are deposited. Though low global data resolution and the common practice of analyzing 

material types only for a subset of anthropogenic microparticles mean sufficient data is not 

available to draw conclusions about potential climate-influenced reasons for polymer variation, 

this question warrants further consideration in future research. 

If textiles are assumed to be the primary source of anthropogenic microparticles to St. 

Louis’ atmosphere due to the prominence of fiber morphologies, the prevalence of cotton and 

PET might also be explained by the higher potential release of fibers from cotton clothing (e.g., 

due to low durability; Liu et al., 2023) and some types of polyester fabrics (e.g., polyester fleece; 

Almroth et al., 2017). PET is also the most prevalent microplastic found in sediment and clam 

samples in the Deer Creek watershed near our suburban atmospheric sampling site (see Chapter 

4), supporting the idea that the prevalence of PET is related to sourcing from the populated urban 

and suburban settings of St. Louis. Interestingly, microplastics in Mississippi River water near 
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St. Louis were also > 50% PET, which is a finding not explained by other examined sourcing 

compartments, including agriculture, stormwater, and wastewater inputs (Rochman et al., 2022). 

Our results therefore suggest both PET predominance among microplastics in the St. Louis 

region as well as the potential for sourcing of anthropogenic microparticles from atmospheric 

deposition to waterways. 

5.5.3. The Influence of Atmospheric Conditions on Anthropogenic Microparticle 

Deposition 

The only meteorologic and air quality parameters clearly correlated to anthropogenic 

microparticle deposition over time were relative humidity, wind speed, and PM-10 (Fig. 5.4.). 

The positive correlation of anthropogenic microparticle deposition with relative humidity aligns 

with prior global studies that suggest higher humidity might lead to adsorbed moisture and 

enhanced deposition of these microparticles, which has been observed with other types of 

atmospheric particles (e.g., biomass; Leonard et al., 2024; Yuan et al., 2023). Humidity may 

therefore be a more important factor influencing atmospheric deposition of anthropogenic 

microparticles than previously assumed. Though wind speed had a weak negative correlation that 

was observed only at the urban site, low wind speed allowing deposition and high wind speed 

causing suspension is a phenomenon that a prior study comparing deposited and suspended 

anthropogenic microparticles has identified (Rao et al., 2024). As our study only considers 

deposited anthropogenic microparticles, these findings lead to further questions regarding 

whether high levels of breathable anthropogenic microparticles are suspended in the air during 

low humidity or high wind speed conditions compared to their suspension rates in high humidity 

or low wind speeds (i.e., due to enhanced deposition). 

Several studies suggest that precipitation promotes anthropogenic microparticle 

deposition (Dris et al., 2016; Rao et al., 2024) or that differences between wet and dry deposition 
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rates occur (Brahney et al., 2020), though we observed neither in our dataset. Whether 

anthropogenic microparticle deposition relates to meteorologic factors like rain and wind speed 

may thus be location-specific (e.g., the relationship to wind speed but not precipitation in Klein 

et al., 2023, and no relationship to either in Wright et al., 2020, and Truong et al., 2021). Prior 

research has also suggested that anthropogenic microparticle deposition in urban areas is less 

driven by meteorologic parameters because point sourcing is more prevalent (Wright et al., 

2020). This influence of variable point sourcing across urban spaces could be a reason that even 

the most apparent correlations we see to meteorologic parameters (e.g., relative humidity) are not 

particularly strong relationships. Though many intersecting parameters likely affect 

anthropogenic microparticle deposition rates (e.g., climate, weather, human activity, and point 

emissions), humidity conditions should be considered in future studies to better determine their 

impacts on the quantities and types of anthropogenic microparticle suspended in or deposited 

from the atmosphere. 

5.6. Conclusions 

This study quantifies and characterizes the deposition rates of larger-sized (> 100 µm) 

airborne anthropogenic microparticles (including microplastics) in the St. Louis, Missouri, 

United States, region over a year-long period for the first time. Deposition rates were 

significantly higher at an urban site (101.7 ± 71.1 particles/m2/day) compared to a suburban site 

(43.3 ± 42.2 particles/m2/day). Both urban and suburban St. Louis had high levels of microfibers 

that were predominately cotton and PET. Slightly higher fractions of microplastics were found at 

the urban site (49%) compared to the suburban site (41%). Within the St. Louis region, where 

weather conditions are typically comparable between the sites, spatial trends in anthropogenic 

microparticle deposition seem most impacted by differences in population density. 
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The anthropogenic microparticle deposition rates over time were most strongly 

influenced by relative humidity, which potentially enhanced the deposition of these 

microparticles and best explained the temporal fluctuation in the data at both sites. On the global 

scale, the humid subtropical climate in St. Louis likely also leads to lower anthropogenic 

microparticle deposition rates in comparison to tropical areas that have more consistent high 

humidity conditions favoring the deposition of these microparticles. Humidity is thus an 

influential factor that should be considered in future atmospheric microplastic research. The 

presence of the most inhalable anthropogenic microparticle sizes (i.e., < 10 µm) could not be 

assessed in this study. Further investigation of these smaller-sized anthropogenic microparticles 

is thus warranted as they are likely to be present at much higher levels in the air and may have 

differing deposition dynamics than the larger anthropogenic microparticles that we assessed. 
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5.9.  Supplementary Materials 

5.9.1. Supplemental Information 

5.9.1.1. 5.S1. Sample timing 

Prior work has suggested that even with comparable sampler setups, shorter time ranges 

for sampling can lead to an overestimation of anthropogenic microparticle deposition (Leonard et 

al., 2024). For example, using the same type of sampler while sampling twice per day led to 

extremely high levels of 462-5346 particles/m2/day (Ankit et al. 2024; see related discussion 

Leonard et al., 2024). Differing sampling interval lengths might have also influenced our 

deposition findings.  

Indeed, at the suburban site, samples with anthropogenic microparticle deposition  

> 100 counts/m2/day were always during sampling periods of < 10 days. At the urban site, 

anthropogenic microparticle deposition levels were more consistently > 100 particles/m2/day 

during varying sampling periods of up to 15 days, but the highest values we observed  

(> 200 particles/m2/day) also occurred during sampling periods of < 10 days. While our samples 

with shorter sampling intervals might therefore similarly have led to an overestimation of the 

deposition rate due to higher variability over shorter timescales, when comparing only samples 

with periods ≥ 10 days (per Leonard et al., 2024), our overarching conclusions of higher 

deposition at the urban site as well as a significant positive correlation between anthropogenic 

microparticle deposition rates and relative humidity are maintained (Fig. 5.S2.).
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5.9.2. Supplemental Tables 

Table 5.S1. Sampling period dates, the type of deposition collected, when samples were collected at each site (indicated by x), and the 
deposition rates at each site.  

Start Date End Date 
Time Elapsed 

(Days) 
Deposition 

Type 
Suburban Samples 

Taken 
Urban Samples 

Taken 
Suburban Deposition Rate 

(particles/m2/day) 
Urban Deposition Rate 

(particles/m2/day) 

2023-04-20 2023-04-27 8 Dry X  0.0  

2023-05-04 2023-05-11 8 Wet X  0.0  

2023-05-11 2023-05-15 5 Wet X  114.3  

2023-05-15 2023-05-17 3 Wet X  142.9  

2023-06-07 2023-06-15 9 Wet X  31.7  

2023-06-15 2023-06-22 8 Wet X X 0.0 107.1 

2023-06-22 2023-06-27 6 Dry X X 127.0 111.1 

2023-06-27 2023-06-07 11 Wet X X 0.0 69.3 

2023-07-07 2023-07-12 6 Dry X X 0.0 87.3 

2023-07-12 2023-07-21 10 Wet X X 33.3 57.1 

2023-07-21 2023-07-25 5 Wet  X  66.7 

2023-07-25 2023-08-04 10 Wet X X 0.0 47.6 

2023-08-04 2023-08-07 4 Wet X X 154.8 214.3 

2023-08-07 2023-08-09 3 Dry X X 111.1 301.6 

2023-08-09 2023-08-18 10 Wet X X 38.1 66.7 

2023-08-18 2023-08-29 12 Wet  X  79.4 

2023-08-29 2023-08-05 8 Wet X X 29.8 131.0 

2023-09-05 2023-09-12 8 Dry  X  119.0 

2023-09-12 2023-09-19 8 Dry X  0.0  

2023-09-19 2023-09-28 10 Wet X X 42.9 100.0 

2023-09-28 2023-09-05 8 Wet X X 41.7 154.8 

2023-10-05 2023-10-12 8 Wet X X 35.7 101.2 

2023-10-12 2023-10-20 9 Dry X X 52.9 100.5 

2023-10-20 2023-10-26 7 Wet  X  61.2 

2023-10-26 2023-10-30 5 Wet X X 0.0 95.2 

2023-10-30 2023-10-10 12 Dry X X 0.0 67.5 

2023-11-10 2023-11-21 8 Wet X X 0.0 178.6 
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Table 5.S1. Continued.  

Start Date End Date 
Time Elapsed 

(Days) 
Deposition 

Type 
Suburban Samples 

Taken 
Urban Samples 

Taken 
Suburban Deposition Rate 

(particles/m2/day) 
Urban Deposition Rate 

(particles/m2/day) 

2023-11-21 2023-11-29 9 Wet X X 52.9 105.8 

2023-11-29 2023-11-05 7 Wet X X 34.0 312.9 

2023-12-05 2023-12-21 17 Wet X X 22.4 36.4 

2023-12-21 2023-12-05 15 Wet X X 79.4 171.4 

2024-01-05 2024-01-11 7 Wet X X 95.2 136.1 

2024-01-11 2024-01-18 8 Wet X X 119.0 41.7 

2024-01-18 2024-01-25 8 Wet X X 29.8 172.6 

2024-01-25 2024-01-01 8 Wet X X 59.5 122.4 

2024-02-01 2024-02-07 7 Dry X X 34.0 142.9 

2024-02-07 2024-02-21 15 Wet X X 25.4 0.0 

2024-02-21 2024-02-28 8 Dry X X 0.0 0.0 

2024-02-28 2024-02-06 8 Dry X X 83.3 41.7 

2024-03-06 2024-03-13 8 Wet X  65.5  

2024-03-16 2024-03-20 5 Wet X X 0.0 101.2 

2024-03-20 2024-03-05 17 Wet X X 16.8 0.0 

2024-04-05 2024-04-12 8 Wet X X 59.5 59.5 

2024-04-12 2024-04-18 7 Dry X X 0.0 0.0 
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Table 5.S2. Quantities of anthropogenic microparticles for each color-morphology category analyzed on µ-FTIR.  

Parameter 
Black 
Fiber 

Black 
Fragment 

Blue 
Fiber 

Blue 
Fragment 

Clear 
Fiber 

Green 
Fiber 

Multi-
Color 
Fiber 

Orange 
Fiber 

Pink 
Fiber 

Purple 
Fiber 

Red 
Fiber 

White 
Fiber 

Yellow 
Fiber 

Urban (n Identified) 50 1 275 1 211 2 1 0 18 6 60 1 2 

Suburban (n Identified) 15 0 102 1 115 2 0 2 8 0 21 0 0 

Total (n Identified) 65 1 377 2 326 4 1 2 26 6 81 1 2 

Quantity Analyzed with µ-FTIR   4 1 27 1 17 1 0 1 4 0 9 0 0 

Color-Morphology (% of n 
Analyzed with µ-FTIR) 

6 100 7 50 5 25 0 50 15 0 11 0 0 

Synthetic Material Identified (% 
of n Analyzed with µ-FTIR) 

25 100 41 100 47 100  100 25  56   

Anthropogenic Non-Synthetic 
Material Identified (% of n 

Analyzed with µ-FTIR) 
75 0 59 0 29 0  0 75  44   

Natural/Unknown Material 
Identified (% of n Analyzed with 

µ-FTIR) 
0 0 0 0 24 0  0 0  0   
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Table 5.S3. The data that were used to calculate the limit of detection (LOD) for the atmospheric deposition samples. 

Date Blank Type 

Total 
Anthropogenic 
Microparticles 

(counts) 

Clear Fiber 
(counts) 

Blue 
Fiber 

(counts) 

Black 
Fiber 

(counts) 

Blue 
Fragment 
(counts) 

2023-07-21 Sampler Blank (Field) 5 4 1   

2023-06-15 Sampler Blank (Laboratory) 3 3    

2023-09-05 Sampler Blank (Field) 3 2  1  

2024-03-13 Laboratory Filtration Blank 3 2   1 

2024-03-13 Laboratory Filtration Blank 3 1 2   

2024-03-27 Laboratory Filtration Blank 4  4   

2024-07-01 Laboratory Filtration Blank 3 2 1   

2024-07-05 Laboratory Filtration Blank 3 3    

Average 3.38     

Standard Deviation 0.70     

 LOD 5 counts     
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Table 5.S4. A comparison of anthropogenic microparticle deposition rates from global studies of urban areas using sampling periods 
of > 24 h. When multiple locations were sampled, the average is reported for sites within the urban area. The table is sorted in order 
of humidity by the Köppen-Geiger climate classification (Beck et al., 2023), then by population size within a given climate type (UN, 
2018). 

Study Sampling Period 
Detection 
Size Limit 

Location Climate Population 
Average Urban 
Deposition Rate 

(particles/m2/day) 

Abbasi and Turner (2021) 30-31 days 20 µm Shiraz, Iran Hot Semi-Arid 1.7 million 63a 

Edo et al. (2023) 30-31 days 25 µm Barcelona, Spain Cold Semi-Arid 5.6 million 59b 

Edo et al. (2023) 30-31 days 25 µm Madrid, Spain Cold Semi-Arid 6.6 million 76b 

Klein et al. (2023) 28 days 10 µm Hamburg, Germany Temperate Oceanic 1.8 million 147 

Wright et al. (2020) 3-4 days 20 µm London, United Kingdom Temperate Oceanic 9.3 million 771 

Dris et al. (2016) Variable, not specified 50 µm Paris, France Temperate Oceanic 11.0 million 110 

This Chapter 3-17 days 100 µm St. Louis, Missouri, United States Humid Subtropical 2.2 million 102 

Huang et al. (2021) 22-40 days 50 µm Guangzhou, China Humid Subtropical 13.3 million 114 

Amato-Lourenço et al. (2022) 15 days 50 µm São Paulo, Brazil Humid Subtropical 22.0 million 123 

Winijkul et al. (2024) 7 days 44 µm Pathum Thani, Thailand Tropical Savannah 914,000 325 

Truong et al. (2021) 3-4 days 300 µm Ho Chi Minh, Vietnam Tropical Savannah 8.6 million 374 

aThe average deposition rate was converted from a reported monthly average dry deposition rate by dividing the value by 30 days.  
bSeasonal averages for four seasons were reported but were averaged here for one value. 
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5.9.3. Supplemental Figures 

 
Figure 5.S1. Results from replicate samples at two subsite locations on the rooftop at the urban 
site. The lower totals and reduced diversity of the anthropogenic microparticles at subsite B are 
suspected to be influenced by the proximity of the site to the building’s exhaust fans. Subsite A 
was therefore chosen as the sample collection location for the study.   
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Figure 5.S2. A comparison of the anthropogenic microparticle deposition rates at the urban and 
suburban sites for the same dates that feature sampling periods ≥ 10 days (left). We also show 
the relationships between anthropogenic microparticle deposition rates calculated from samples 
collected over ≥ 10 days and the corresponding average relative humidity for the suburban (top 
right) and urban (bottom right) sites.  
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Figure 5.S3. Anthropogenic microparticle deposition rates at the suburban and urban sites over 
each co-occurring sampling period using the true timesteps to show the relative lengths of the 
sampling periods.    
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Figure 5.S4. Comparisons of the anthropogenic microparticle quantities in dry versus wet 
deposition (top) as well as leafed versus bare tree season deposition (bottom).    
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Figure 5.S5. A comparison of the PM-2.5 values measured at the urban and suburban sites 
across our study period.  
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

6.1. Major Findings 

This dissertation examined the cycling of microplastics and other anthropogenic 

microparticles through multiple environmental compartments (i.e., the water, sediment, biota, 

and atmosphere) across space, time, and varying flow conditions in a small, urban watershed 

(Deer Creek) near St. Louis, Missouri, United States. Through multiple year-long field sampling 

campaigns, which included over 750 individual samples, we characterized anthropogenic 

microparticles in the water and sediment across the watershed’s mainstem and tributaries, at high 

temporal resolution during flood events, inside the potential bioindicator species C. fluminea, 

and in the atmospheric deposition of the surrounding suburb and city. The identified 

anthropogenic microparticles (> 4300) included microplastics (e.g., polyethylene terephthalate 

(PET) and polypropylene (PP)), tire wear debris (e.g., polyethylene (PE) rubber), modified fibers 

(e.g., cotton, cellulose acetate, and dyed cellulose), and microparticles of unknown origins (e.g., 

undyed cellulose or unidentified material). Our results provide evidence about prevalent types of 

anthropogenic microparticles in the environment, allowing for the identification of potential 

common sources and fluxes of these pollutants among compartments. We also identified key 

points in space and time for the storage or transport of anthropogenic microparticles. 

From our long-term (1-year), watershed-scale (10 sites across the mainstem and 

tributaries) assessment of the water and sediment of our small urban freshwater system in 

Chapter 2, we found that anthropogenic microparticles were preferentially stored in sediment and 

typically undetectable in water samples at baseflow conditions. The spatial distribution of 

anthropogenic microparticle sinks within watershed sediment could vary depending on the 

season. Generally, this distribution followed the erosion to deposition gradient of the watershed, 

with the levels of anthropogenic microparticles in sediment increasing from the stream’s 
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headwaters to its outlet. The relationship of sediment anthropogenic microparticle distributions 

to quantities of nearby point source pollution inputs suggested that improved management of 

stormwater and wastewater outfalls could reduce further inputs of these microparticles to the 

system. We did not identify clear controls on the temporal fluctuation of anthropogenic 

microparticles in the watershed’s sediment, demonstrating the complexity of their cycling 

through the environment. 

By examining anthropogenic microparticle levels in water during multiple flow 

conditions in Chapter 3, we found that flood events can elevate the contaminant to detectable 

levels in water. These peak moments of water anthropogenic microparticle transport coincided 

with the highest discharge and suspended sediment levels during the floods. When examining 

their potential sourcing during flooding, we determined that the levels of anthropogenic 

microparticles in sediment consistently decreased between pre- and post-flood conditions, 

suggesting that export from sediment storage is a key input process to the water column. 

Anthropogenic microparticles were also present at high levels in localized rainfall but very low 

levels in roadway stormwater runoff. We therefore identified anthropogenic microparticle 

resuspension from sediment and deposition with rainfall as the most likely sourcing mechanisms 

to the stream water during flood events. 

In Chapter 4, we clarified the challenges associated with using C. fluminea as a temporal 

bioindicator of environmental (i.e., sediment) anthropogenic microparticle contamination in the 

small, highly variable conditions of the Deer Creek watershed. Sediment anthropogenic 

microparticle content was related to fluctuations in grain size, while C. fluminea exhibited 

variations in anthropogenic microparticle uptake that seemed to be more influenced by water 

quality conditions (e.g., low water temperature and/or high salinity in the winter months). 

Through the comparison of anthropogenic microparticle levels in C. fluminea across our work 
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and other globally distributed studies, we identified that microfiber contamination (including 

microplastics such as PET and modified fibers such as cotton) is commonly taken up by  

C. fluminea. 

We expanded our anthropogenic microparticle assessments to the atmospheric 

compartment in Chapter 5, in both the study watershed as well as the Midtown neighborhood of 

St. Louis City, finding the prevalent deposition of microfibers from the atmosphere throughout a 

year of study. The atmospheric deposition of anthropogenic microparticles was significantly 

higher at the more urbanized city site compared to the suburban watershed site. We also found 

that the anthropogenic microparticle deposition rates were enhanced at times when the relative 

humidity was higher in the atmosphere. The predominance of cotton and PET fibers in the 

atmospheric deposition samples at both sites was likely the result of sourcing from textile 

degradation (De Falco, 2020). These fiber types were also commonly present throughout the 

other types of watershed samples (i.e., water, sediment, and C. fluminea) explored in prior 

chapters. Thus, atmospheric deposition was identified as a key source of environmental 

anthropogenic microparticle contamination near urban areas. 

6.2. Recommendations for Future Work 

Our research has provided foundational knowledge on anthropogenic microparticle 

fluctuations across several environmental compartments over space and time within the 

watershed of a small, urban headwater stream system. However, further exploration of 

anthropogenic microparticle dynamics should be prioritized for several key remaining 

knowledge gaps. 

First, the size limitation (100 µm to 5 mm) of our analysis of anthropogenic 

microparticles prevented our consideration of the presence and movement of smaller 

microplastics (1 µm to 100 µm) and nanoplastics (< 1 µm) in the various environmental 
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compartments we explored. When other studies examined these smaller size fractions, higher 

levels of anthropogenic microparticles were typically found compared to the larger size ranges 

(Carbery et al., 2024; Faull et al., 2024). Smaller microplastics and nanoplastics might have 

unique transport mechanisms, higher adsorption capacities for additional contaminants, and 

greater ecological impacts (Chen et al., 2023). From a human health standpoint, smaller 

anthropogenic microparticle sizes might move through cell membranes more readily and are 

more easily inhaled (Maurizi et al., 2024; Shen et al., 2019). In general, incorporating the study 

of smaller-sized anthropogenic microparticles into future research will clarify how the scale of 

contamination for these microparticles might differ from the quantities of larger microparticles 

present. Most pressingly, other atmospheric deposition studies point to the likelihood of high 

quantities of smaller particle sizes in the air, which could cause direct exposure to organisms 

from inhalation (Brahney et al., 2020; Chandrakanthan et al., 2023). The recommended method 

for analysis of environmental nanoparticles is pyrolysis gas chromatography mass spectrometry 

(Py-GCMS). Because this method provides only mass-based estimates, it might be best used 

alongside our visual quantification technique to provide more qualitative data about larger 

anthropogenic microparticles in addition to the quantification of smaller microparticles and 

nanoparticles of human origin (Seeley and Lynch, 2023). 

Second, our ability to determine the movement of anthropogenic microparticles among 

compartments was hindered by their undetectable levels in most water samples. Our water 

sample volumes were 1-2 L. Thus, a method capturing higher volumes of water such as pump 

sampling could improve the estimation of the true quantities of anthropogenic microparticles 

present at low levels in water samples (Crawford and Quinn, 2017; Razeghi et al., 2021). A 

published high-volume pump method for water exists (through the American Society for Testing 

and Materials (ASTM); ASTM D8332), but preliminary attempts at sampling systems following 
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these criteria do not work effectively in the low flow conditions of small streams (ASTM, 2020; 

Bryska et al., 2024). The currently designed systems are also not built to function in winter 

weather and feature extended sample collection times such that they would prevent a study 

design that includes collecting samples across an entire watershed within the same day (i.e., the 

design of our study in Chapter 2; Bryska et al., 2024). Further work is therefore needed to adapt 

the proposed system designs for pump sampling of water, ideally to both meet ASTM criteria 

and allow holistic sampling of anthropogenic microparticles across all seasons and in small low 

flow systems. 

Overarchingly, questions remain about the drivers of anthropogenic microparticle 

movement through freshwater systems. In particular, the controls on temporally fluctuating 

anthropogenic microparticle levels are unclear, and specific questions on this topic have arisen 

from individual chapters. For example, in Chapter 4, the influence of water temperature and 

specific conductivity on temporally fluctuating anthropogenic microparticle uptake by C. 

fluminea is an unknown that affects their bioindication potential during winter weather. In 

Chapter 5, the correlation between anthropogenic microparticle deposition and relative humidity 

raises the question of whether suspended atmospheric anthropogenic microparticles (i.e., the 

more inhalable material) exhibit the opposite relationship and therefore are present at higher 

levels during low humidity conditions. Few studies have considered humidity as an influential 

factor in atmospheric anthropogenic microparticle suspension and deposition despite the 

evidence of similar relationships for other particulate matter, and this topic warrants further 

exploration as an important factor potentially controlling human exposure via inhalation (Kim et 

al., 2019). 

6.3.  Conclusions 
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Overall, this dissertation demonstrated that anthropogenic microparticles (including 

microplastics) move among environmental compartments in an urban watershed, evidenced by 

the similarity in anthropogenic microparticle types across the studied compartments. We found 

that specific distributions of anthropogenic microparticles in each compartment and uptake by 

biota depended on a complex series of fluctuating spatial and temporal conditions. This research 

identified a key source of anthropogenic microparticles to the environment (i.e., atmospheric 

deposition), necessitating further exploration due to the potential human and ecosystem impacts. 

Our results also highlight key areas where anthropogenic microparticles are concentrated (i.e., 

the watershed’s outlet), key moments in time when anthropogenic microparticle movement is 

enhanced (i.e., flood events), and the potential impact of legacy pollution (i.e., from point 

sources like sewer outfalls), which can be concentrated in sediment sinks and subsequently 

released by flood events. These point outfalls might be strategic locations where filtration 

technologies can reduce the amount of anthropogenic microparticles entering the watershed. As 

our global understanding of the threat of anthropogenic microparticle pollution continues to 

develop, our findings can inform future research directions to better understand and reduce the 

burden of anthropogenic microparticles (including microplastics) on human and environmental 

health. 
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