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[bookmark: _Toc8120316]Highlights
· This study measured microparticles and microplastic in stormwater from 12 small tributaries comprising 11% of the watershed drainage area to San Francisco Bay (6% of total flow to Bay). These tributaries varied in urban and non-urban land uses and were distributed across the region. Microparticles captured on sequential 355 and 125 micron sieves were manually counted using visual techniques; 872 (approximately 7%) of the microparticles were then analyzed using spectroscopy to determine whether they were microplastic.  
· No methods existed for volumetric quantification of microparticles suitable for estimating loads in stormwater. We developed methods for this study and examined their performance using standard quality assurance measures.
· Microparticles were identified in stormwater from all 12 small tributaries, discharging between 1.3 and 30 microparticles per liter. The microparticle concentrations observed are consistent with those observed in some studies and higher than others previously reported in the literature. However, direct comparison is challenging due to different collection techniques and different mesh or sieve sizes.  
· Fragments (59%) and fibers (39%) constituted nearly all microparticles sampled. Based on findings from the chemical spectroscopy on 7% of the samples, visual identification of rubber fragments on a larger subset, and color and morphology identification in the entire dataset, we estimate that 48% of all the sampled microparticles were likely black rubber fragments, potentially originating from tire wear. Rubber is considered a plastic. 
· A load of 10.9 trillion microparticles to the Bay per year from small tributaries was estimated using a previously developed Regional Watershed Spreadsheet Model (RWSM). Approximately two-thirds of those particles were estimated to be microplastic. This microparticle estimate is 230 times greater than the estimated combined annual load from all the wastewater treatment plants discharging to the Bay. The stormwater microplastics estimate is 330-470 times greater than the microplastics load estimated from wastewater.
· The results of the loads modeling effort suggest that industrial areas may be linked to higher microparticle concentrations in stormwater. We recommend additional investigation into sources of microplastics in the landscape, including a greater number of relevant landscape attributes (e.g., imperviousness, proximity to roadways), to more fully explore factors that are potentially related to higher levels of microparticles in stormwater.
[bookmark: _Toc8120317]Objectives
Stormwater runoff is believed to be one of the primary pathways for plastic pollution to enter the Bay (BASMAA 2014a, EOA 2014, GESAMP 2016, Sutton and Sedlak 2017, Boucher and Friot 2017). Primary microplastics from industry and other activities (e.g., plastic nurdles, plastic trimming operations), as well as secondary sources of larger plastics fragmented by photooxidative degradation or physical abrasion (e.g., tire abrasion due to roadway wear), can be entrained in stormwater runoff from the landscape and enter the drainage systems. 

This is the first study to evaluate microplastics in stormwater entering San Francisco Bay from multiple watersheds, a data gap noted in the prior RMP microplastics pilot study (Sutton et al. 2016). Trash monitoring studies have been conducted in local storm drains, and have demonstrated the ubiquity of larger plastic items within urban litter (e.g., BASMAA 2014b, EOA 2014, BASMAA 2016); it is a logical extension of this work that stormwater runoff likely plays a major role in mobilizing both macro- and microplastics from the landscape to the Bay. 

Through assessing microparticle and microplastic abundance and characteristics of stormwater collected from tributaries to the San Francisco Bay, this study sought to address the following objectives.
1. Quantify the abundance of microparticles and microplastics in stormwater. Understanding the abundance of microparticles and microplastics in stormwater is important for evaluating the sources, pathways, loadings, and processes [Management Question (MQ) 3] leading to microplastics in the Bay [(MQ1); see the Microplastics Monitoring and Science Strategy report (Sutton and Sedlak 2017) for further detail on the MQs].
2. Characterize types of microparticles and microplastics found in stormwater and their chemical composition. Understanding the types of microparticles and microplastics found in stormwater will help determine the sources of microplastics in stormwater. This could help inform future decisions about management measures (MQ5) that could contribute to possible future reductions of microplastics transported to the Bay via stormwater.
3. Assess microparticles and microplastics concentrations in relation to watershed attributes. Are concentrations from urban sites higher than rural, open, and undeveloped spaces? Are certain land uses associated with higher concentrations of microparticles and microplastics? Evaluating these questions allows development of improved conceptual models that can point to management actions that may be effective in reducing microplastics pollution (MQ5).
4. Calculate estimates of microparticle and microplastic loads via stormwater into the Bay. Estimating loads of microparticles and microplastics from the various transport pathways provides information relevant to MQ3, as well as aids in prioritizing management actions (MQ5).
5. Develop and test new methods for collecting stormwater samples. A key step in quantifying the abundance of microparticles and microplastics (MQ1) is establishing appropriate field and laboratory methods for measurement. A review of the literature revealed no existing methods for volumetric quantification of microparticles suitable for estimating loads in stormwater. We developed methods for this study and examined their performance using standard quality assurance measures. 
This study was designed to test the following hypotheses (Sedlak et al. 2017).
· Microplastics will be present in stormwater.
· Rural-dominated watersheds will have lower concentrations of microparticles and microplastics than urban-dominated watersheds.
· Concentrations of microplastics in stormwater and wastewater will be comparable; however, the composition will be different.
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[bookmark: _Toc8120319]Stormwater site selection
Stormwater samples were collected at 12 sites distributed around San Francisco Bay (Figure 1 and Table 1). Sites were selected based on drainage area (5 km2-323 km2), land use, and geographical distribution around the Bay. Sites that overlapped with Bay fish and sediment sampling (e.g., San Leandro Bay sites near the Coliseum and the Lower South Bay Guadalupe site) were a high priority for sampling. 

Altogether, the watersheds sampled comprise 11% of the total small tributaries area draining into the Bay (i.e., 763 km2 of 6,725 km2) and 6% of the total flow to the Bay via the small tributaries. Land-use characteristics varied across the watersheds, with total urban area within the watersheds ranging widely from 9%-98% (Figure 2). Below their reservoirs, Lower Coyote Creek and Guadalupe River (two of the 12 watersheds sampled) are the 4th and 8th largest tributaries to the Bay, respectively. These two watersheds are typical of larger Bay Area watersheds with rural areas in the upper watershed and more urban areas closer to the Bay. They also both have homeless encampments at some locations along the banks; homeless encampments have been associated with trash hot spots (CRWQCB SF Bay, 2015; City of San Jose, 2016). Taken together, these characteristics facilitated a broad survey of microplastics in small tributaries around the Bay. 
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Figure 1. Watersheds sampled for microparticles and microplastics in stormwater.

Table 1.  Attributes of stormwater sampling locations.
	Monitoring Sites
	RMP Site Name
	Location
	Sampling Date
	Latitude
	Longitude
	Size of Water-shed (km2)
	Rationale for site selection
	# Liters sieved

	MMP-Storm-CB-Line12A
	Line 12A at Shellmound St Pedestrian Br
	Central Bay
	1/8/18
	37.834
	-122.293
	10.5
	RMP site, Urban (Commercial / Residential)
	115

	MMP-Storm-CB-Line12F
	Line 12F below PG&E station
	Central Bay
	12/15/16
	37.762
	-122.214
	10.2
	RMP site, Urban (Commercial / Residential)
	25

	MMP-Storm-CB-Col12J
	Line 12J at mouth to 12K
	Central Bay
	12/15/16
	37.755
	-122.201
	8.81
	RMP site near bay and includes commercial, residential and industrial
	67

	MMP-Storm-CB-Col12K
	Line 12K at Coliseum Entrance
	Central Bay
	2/9/17
	37.754
	-122.204
	16.4
	RMP site near bay and includes commercial, residential and industrial
	295

	MMP-Storm-CB-Col12M
	Line 12M at Coliseum Way
	Central Bay
	11/28/18
	37.747
	-122.201
	5.3
	RMP site near bay and includes commercial, residential and industrial
	68

	MMP-Storm-CB-Meek
	Meeker Slough at Regatta Blvd
	Central Bay
	1/8/18
	37.918
	-122.338
	7.34
	RMP site, Mixed residential, Drains into inner harbor in Richmond
	67

	MMP-Storm-SB-Colma1
	Colma Ck at Linden
	South Bay
	2/7/17
	37.65
	-122.412
	27.5
	RMP site, 303d listed for trash, Part of Tracking CA Trash Project, Major Tributary
	197

	MMP-Storm-SB-SM
	San Mateo Creek
	South Bay
	1/8/18
	37.573
	-122.311
	11.4
	303(d) listed for trash, Part of Tracking Trash Project, major tributary
	114

	MMP-Storm-LSB-Guad
	Guadalupe River
	Lower SB
	1/8/17
	37.374
	-121.933
	233
(below reservoirs, 8th largest tributary to the Bay)
	RMP site near Highway 101
	138

	MMP-Storm-L
SB-CC
	Coyote Creek
	South Bay
	4/6/18
	37.385832
	-121.910
	323
(below reservoirs, 4th largest tributary to the Bay)
	Major stormwater and wastewater influenced tributary to Lower South Bay, Part of Tracking CA Trash Project
	114

	MMP-Storm-NB-Refugio
	Refugio Creek at Tsushima St
	San Pablo Bay
	1/18/17
	38.018
	-122.277
	10.7
	RMP site, Open space
	54

	MMP-Storm-NB-Rodeo
	Rodeo Creek at Seacliff Ct Pedestrian Br
	San Pablo Bay
	1/18/17
	38.016
	-122.254
	23.4
	RMP site, Open space
	63
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Figure 2. Land use distributions in the 12 sampled watersheds (land use source data: ABAG 2006).
[bookmark: _Toc8120320]Sample collection
In this report, we distinguish between microparticles, which are small particles that are visually identified as potentially plastic, and microplastic particles, which have been visually identified and confirmed to be plastic through spectroscopy. The upper size boundary for microparticles and microplastics is typically defined as 5 mm, while the lower size boundary is operationally defined by the interaction between the mesh pore size and the characteristics (e.g., shape or other physical properties) of each particle that prevent it from passing through the sieve.

Each site was sampled once via an aggregated sample collected throughout a storm runoff event. Because 95% of the flow in the Bay Area small tributaries is the direct result of rainfall (McKee et al., 2003), we focused our sampling during rainfall events. Samples were collected between December 2016 and November 2018 during storms when more than 0.50 inches of rain was expected within six hours (BASMAA 2016, Sedlak et al. 2017). Based on prior studies of legacy contaminants in Bay Area watersheds, this threshold typically results in storms that are sufficiently intense to mobilize small particles from the watershed (Gilbreath and McKee, 2015); storms forecasted for shorter duration and smaller magnitude often result in storms that lead to little runoff. Attempts were made to get to the sampling site and begin sampling at the start of storm-related flow, and collection typically occurred on the rising, peak, and falling portions of the hydrograph. 

Due in part to limited research worldwide on microplastics in stormwater, no standardized methods exist. At most sites in this study, samples were collected using a Teledyne ISCO portable pump sampler, with tubing from the pump attached to a 4-8 m fiber glass pole. The sampling pole was moved vertically down through the water column to provide a depth-integrated sample; care was taken to avoid contacting the stream bed. A depth-integrated concentration is essential for estimating loads. At the Guadalupe River site, the drop from the height of the bridge at the sampling site to the river was too great to use an ISCO pump; instead, a water sample was collected using a stainless steel 3-gallon pail that filled almost instantly upon contact with the surface water. 

The field team passed a total of 25 to 295 L (Table 1) of stormwater through stacked 355 μm and 125 μm sieves, by collecting 10 to 60 L (3-15 gal) “sips” multiple times during the rising and falling stages of a storm hydrograph. The number of sips was a function of the duration of the storm and varied among sites. In between sips, the field sample sieve set was covered in foil and placed in a dedicated closed box to reduce the potential for background contamination.

Once the collection was complete, the sieve sets were transported to and processed in SFEI’s laboratory. Microparticles were gently rinsed off the sieves into pre-cleaned glass sample jars using distilled water. Approximately 10 mL of isopropyl alcohol was added to each sample for storage. Samples were shipped to the University of Toronto for analysis.

One field blank and one field duplicate were collected with the field samples and subjected to similar processing and analyses. A field blank was collected at one site by placing a set of sieves near the field sample for the duration of the sampling period. When the foil lid was taken off the field sample, the foil lid was also taken off the field blank to maintain the same amount of air exposure. A field duplicate was collected at Line 12M by setting up a second set of sieves adjacent to the primary sample sieve set. For each 17 L sip that was collected across the hydrograph, the primary sample was collected first, then covered with foil, and then the duplicate sample was collected and then covered with foil. Upon completion of each sip, both sets of sieves were returned to the dedicated closed box to await the next sip. In total, four sips were collected over the course of the storm. 
[bookmark: _Toc8120321]Sample extraction and analysis
The method used for microparticle and microplastic extraction from stormwater included a density separation method modified from Stolte et al. (2015). Briefly, the samples collected in the field using a 125 μm and 355 μm sieve were recombined together and then further separated into size fractions using 1000 μm, 500 μm, 355 μm, and 125 μm sieves (given the irregular shapes of microparticles, particularly fibers, these are operational size fractions based on which sieved particles did and did not pass through, rather than a more accurate representation of the microparticle sizes based on measuring the length of each side). Particles greater than 500 μm were sorted visually under a dissection microscope. The smaller size fractions were density separated. Briefly, each size fraction was mixed with approximately 200 mL of CaCl2 solution in a separatory funnel and left to sit until the material settled—generally overnight. The next day, the floating portion was filtered through a 20 μm polycarbonate filter and sealed into a petri dish for visual sorting. Individual particles were enumerated and sorted according to color and morphology under a dissecting microscope. 
Overall, 39% of the particles were measured and imaged using ImageJ software. 
For each morphology, all particles were analyzed by FTIR or Raman spectroscopy if there were less than 10. If there were more than 10 particles but less than 100 within a morphological category, 10 particles were analyzed. If there were more than 100 particles, 10% were analyzed by Raman/FTIR spectroscopy to determine the chemical composition of the particle using a reference spectra library. In total, Raman and FTIR spectroscopy (Horiba Xplora) was conducted on 872 (approximately 7%) of the microparticles visually identified. Of note, black fragments with spectra that matched to tire rubber components, including styrene-butadiene and carbon black, were all classified as rubber. 
Laboratory blanks were run for every set of 10 samples at a minimum; in total three lab blanks were analyzed. All laboratory blanks were composed of reverse-osmosis water processed using the same methods as the field samples. Laboratory glassware was cleaned with detergent and water, followed by a triple-rinse with reverse-osmosis water. Laboratory practices to avoid procedural contamination included sealing all glassware from air as much as possible, working in a clean cabinet as much as possible, using a HEPA filter in the lab, and wearing cotton lab coats during laboratory analysis. 
[bookmark: _rr3n2qkm47bf][bookmark: _Toc8120322]Analytical method recovery evaluation
Prior to commencing analyses of field samples, a laboratory study was conducted to assess the efficacy of the extraction methods. The model stormwater matrix consisted of water treated with reverse osmosis, to which was added plant material that was blended down to a fine size to create an organic model matrix. Replicates 1 and 2 were sieved first using a 500 µm sieve, then subjected to density separation, while Replicates 3 and 4 were subjected to density separation without pre-sieving.
[bookmark: _gvyw9bzbcup1][bookmark: _Toc8120323]Statistical analysis and treatment of blanks
Simple linear regression was used to evaluate the correlation between land-use types and particle concentrations in each watershed. Significance was determined at p = 0.05.
Laboratory and field blank results are reported alongside field sample results. Field samples were not blank corrected (i.e., blanks were not subtracted from the field samples) due to the non-uniform nature of the background field and laboratory contamination observed. The field and laboratory blank data are reported so individual researchers can make their own inferences regarding the data. 
[bookmark: _5a9854mjh8mw][bookmark: _Toc8120324]Loading estimate methods
Microparticle and microplastic loads to San Francisco Bay from the tributaries were estimated using the Regional Watershed Spreadsheet Model (RWSM) (Wu, et al., 2017), a calibrated model previously developed by the Regional Monitoring Program for Water Quality in San Francisco Bay (RMP) to estimate loads of mercury and PCBs into the Bay. Briefly, the RWSM uses characteristics of rainfall, land use, slope, and soil type to estimate annual flow volume for any given area at a parcel scale. The model then multiplies that flow estimate by the concentration of a contaminant of interest (in this case, microparticle concentration) assigned to the parcel’s land use, resulting in an estimate of annual load. The RWSM has been calibrated for hydrology, PCBs, and mercury (Wu, et al., 2017). In this study, we calibrated the model for microparticles. 
Estimated mean concentration factors for each land use were determined through manual calibration to the depth-integrated field sample observations. Depth-integrated sampling is superior to surface sampling for loads estimation because the samples represent microparticles distributed throughout the water column rather than simply the most buoyant particles at the surface. The manual calibration was assessed by mean bias, the root mean squared error, and the Nash-Sutcliffe model efficiency coefficient (NSE). The NSE is used to assess the predictive power of hydrological models, but can also be used for water quality modeling. The coefficient can range from -infinity to 1, with 1 being a perfect model simulation matched to observed data. An NSE of 0 indicates the observed mean is as good of a predictor as the model. Threshold values that indicate a model of sufficient quality have been suggested to be between 0.5 and 0.65. 
Using the RWSM, we applied these concentration factors to each parcel based on its land use, and multiplied the factor by the runoff estimates around the region to estimate loads of microparticles in stormwater from the small tributaries surrounding the Bay. Microplastic loads were also estimated. The proportion of particles identified as plastic by Raman spectroscopy was used and simply multiplied by the total load into the Bay.
[bookmark: _Toc8120325]
Results
[bookmark: _Toc8120326]Quality assurance results
[bookmark: _pzhh11r6au01][bookmark: _Toc8120327]Analytical method recovery evaluation
Recovery of spiked particles in lab-prepared model stormwater are shown in Table 2. Recoveries were excellent for polyethylene terephthalate fragments, cellulose acetate beads, and polyethylene beads. Polystyrene fragments (mean recovery 55%) and polyester fibers (mean recovery 40%) were more challenging to extract and had lower recoveries. Given the dark color of the matrix, picking out the brown polystyrene fragments was difficult, and given the shape of fibers, they can be hard to identify. These results suggest that counts for polystyrene fragments and polyester fibers may be biased low. 

[bookmark: _Toc8120328]Background contamination: Field and laboratory blanks
Laboratory blanks consisted of reverse-osmosis water from the lab filtered and processed the same as the rest of the samples. The three lab blanks had 52, 53 and 5 particles each. Of these particles, 95% were fibers, predominantly white, blue, or clear. Two pieces of film and four fragments were also identified in one of the blanks. Based on discussions with laboratory personnel, many of the fibers found in the blanks may be due to contamination from laboratory materials such as Kimwipes. One field blank was collected as described previously. In total, seven particles were identified in the field blank—six fibers and one fragment. Fifty-three particles (the maximum found in the blanks collectively) is 35% of the lowest concentration found in the field samples (152 particles). Field results with lower particle counts should be used with caution. 



Table 2. Recovery of spiked microplastic particles in model stormwater sample. 
	Particle and Plastic Type
	Particle Size
	Replicate 1 Recovery
	Replicate 2 Recovery
	Replicate 3 Recovery
	Replicate 4 Recovery
	Mean Recovery

	Polyethylene terephthalate fragment (clear/white)
	1 mm
	4 (40%)
	8 (80%)
	9 (90%)
	10 (100%)
	78%


	Polystyrene fragment (brown)
	2 mm
	5 (50%)
	7 (70%)
	4 (40%)
	6 (60%)
	55%

	Cellulose acetate bead (red)
	1 mm
	3 (100%)
	3 (100%)
	3 (100%)
	3 (100%)
	100%

	Polyethylene bead (green)
	250-300 micron
	10 (100%)
	10 (100%)
	5 (50%)
	9 (90%)
	85%

	Polyester fiber (red)
	3 mm in length
	6 (60%)
	6 (60%)
	1 (10%)
	3 (30%)
	40%


[bookmark: _p4f26139wnak][bookmark: _rahwbmm3iz7d][bookmark: _Toc8120329]Precision and variability: Field duplicates
The total microparticle counts in the primary and duplicate field samples were 2,346 and 1,744 (relative percent difference (RPD) 30%), which suggests that for overall particle counts, there is moderately good precision and reproducibility in the method despite the heterogeneous nature of stormwater. Inspection of the particle morphology in the duplicate samples indicated that almost all of the variation was due to fragments. 
[bookmark: _siy9a1ncchtd][bookmark: _Toc8120330]Particle occurrence and morphology
Microparticles were identified in stormwater from all 12 sites (Figure 3a). In total, 12,362 microparticles were enumerated from the 12 field samples plus the field duplicate. Concentrations across the sites ranged from 1.3 microparticles/L to 30 microparticles/L (mean: 9.2 microparticles/L; median 6.7 microparticles/L), and are much greater than concentrations observed in wastewater effluent, where the mean was 0.063 microparticles/L. 
The most abundant particle type was fragments (59%), followed by fibers (39%), and film (1%) (Figure 3b). Foam and spheres combined were < 1% of the total. A majority of microparticles were black in color, except at Rodeo and Refugio creeks where clear microparticles dominated the samples (Figure 3c). There was not a clear pattern of abundance, shape, or color with respect to land-use distribution in the watershed (Figure 3d).
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Figure 3. (a) Abundance, (b) shape, and (c) color distribution of microparticles collected at 12 locations in the San Francisco Bay Area (the field and duplicate sample at Line 12M are averaged together); (d) land-use distribution within the 12 watersheds. 
Generally, the smallest sieve fraction measured (125-355 μm) had the highest particle count, with microparticles becoming less abundant as the size fraction increased (Figure 4). Fragments were the most abundant morphology-size fraction group in the 125-355 μm size fraction. Fragments in this size fraction accounted for 84% of the fragment total, and 49% of the entire sample set across all size fractions. The 125-355 μm group also had the greatest number for fibers, accounting for 43% of all fibers.
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Figure 4. Particle morphology by size fraction (only fragments and fibers included). Note: sieve size bins are not evenly distributed.
[bookmark: _Toc8120331]Composition
A total of 872 microparticles (7% of the total) were further characterized using chemical spectroscopy (Raman or FTIR, Figure 5). Sixty-three percent (550 pieces) of these microparticles were identified as plastic.
Rubber fragments, identified via spectral matches to either styrene-butadiene or carbon black, dominated the chemical composition, accounting for 23% of the particles examined. 48% of all particles recovered in the samples were black fragments, and 92% of the 216 black fragments that were subjected to spectroscopy were identified as rubber. Only one site, Rodeo Creek (a mostly rural, reference site), had zero rubber fragments identified using spectroscopy (nor a single black fragment that did not undergo spectroscopy, and therefore presumably no rubber fragments in the sample at this site).
The next most abundant category was fibers identified as anthropogenic, unknown base (11%). Anthropogenic, unknown base indicates a fiber that is dyed with a man-made chemical, but for which the underlying fiber composition cannot be identified (i.e., it may or may not be plastic).  Following anthropogenic, unknown base fibers in abundance are polyester fibers (5.8%), cellulose acetate fibers (4.6%), and polyethylene fragments (4.5%) (Figure 5; concentrations of composition categories at each site are shown in Appendix Figure A2). Polyethylene terephthalate, which is widely used in bottles for water, beverages, and cleaners was identified in five fragments (0.6%). All other polymer-shape categories were less than 4.0% of the total. 
Of the fibers that were characterized, 17% were natural (e.g., cellulosic or protein-based), while 36% could not be characterized because of interference in the spectral data from dyes in the fiber. 
One percent of the whole dataset was identified as film (115 pieces), and all film pieces were further identified by spectroscopy. The most abundant film type was polyethylene film (3.3% of microparticles that were examined spectroscopically), followed by unknown film (2%) and anthropogenic, unknown base film (0.5%). 
Forty-six pieces of foam were identified in the dataset, and 38 of them underwent spectroscopy. All foams except for unknown foams (1.2%) contributed less than 1% to the total samples that underwent spectroscopy. The second highest foam category was anthropogenic,unknown base foam (0.7% of total). Only three pieces of polyurethane foam (0.3%) and one piece of polystyrene foam (0.1%) were identified. A total of seven polystyrene microplastics (0.8%) were identified (including fragments (3), a fiber (1), a film (1), a foam (1) and a sphere (1)). 
Twenty-five spheres were identified in the dataset, and 80% of them were clear. Seventeen spheres (68% of spheres) underwent spectroscopy and most of them (11 of 17) were identified as glass, while 3 were identified as polyethylene in the 250-500 μm size class, which suggests they could be microbeads. 
[bookmark: _Toc8120332]
Watershed attributes in relation to particle counts and morphology
Relationships among individual land uses and combined urban and non-urban land uses were evaluated relative to total particle concentrations using linear regression (Figure 6). Particle concentrations were significantly and positively correlated with percent industrial area. This correlation was significant even with the outlier from Line 12M removed (p = 0.012). All other correlations evaluated were not significant at p < 0.05, but a positive correlation was evident with urban area, while negative correlations were evident with open space and non-urban area.
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Figure 5. Polymer type distribution for microparticles. Polyethylene, polypropylene, cellulose acetate, polyester, and rubber are considered plastic. The most abundant 14 categories of particles are listed while the abundances of all other particles are combined into the categories labeled “Other.” 
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Figure 6. Relationships between particle concentrations and individual land uses, and combined urban and non-urban land uses.
[bookmark: _Toc8120333]Regional loads estimates
We developed two model calibrations using a typical manual process that was initially guided by our conceptual models of microplastic loads from different land uses in the environment, and then refined based on evaluation metrics.  
The first model fit the calibration coefficients to achieve the best model evaluation metrics comparing the simulated concentrations to the depth-integrated field sample concentrations (root mean square error, percent bias, and Nash-Sutcliffe Model Efficiency Coefficient (NSE); Table 3). Industrial area in the first model calibration was determined to be a strong driver of microparticle transport to the Bay; however, there is not an established rationale for why industrial areas should have yields greater than other highly urban land-use categories, such as commercial and transportation. Therefore, a second model calibration was developed, forcing the industrial coefficient to be equal to the next highest land-use category—transportation (Table 3). This calibration led to a model that was less than half the NSE of the first model, indicating the simulated and measured data were not as closely matched in the second calibration (based on the NSE). The simulated versus measured concentration graph for the second model is shown in the Appendix (Figure A1).
In the first model (Model 1), although the calibrated concentrations simulated for each watershed closely matched the empirically measured concentrations for most watersheds (Figure 7), one third of the watersheds appear to be outliers, having lower measured than simulated concentrations. One of the low outliers is Guadalupe River where our sampling team was unable to measure the initial rise of the hydrograph and used an alternative method (the bucket) for sampling. Another low outlier is San Mateo Creek, where our sampling team began sampling multiple hours after the initial rise of the hydrograph began. Another is Rodeo Creek, which has an industrial area within the watershed, which raises the simulated concentration; however, that industrial area is not hydrologically connected to the creek. The final sampling location is Refugio Creek, which is notable as a more recently developed area, which is not accounted for in the land use data. 
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Figure 7. Simulated versus measured concentration results for the first and strongest model calibration. Watersheds in rank order of simulated concentration. 
Table 3. Microparticle concentration coefficients and model evaluation metrics for each of the two model calibrations presented.
	Metrics; coefficients in microparticles/L
	Model 1
	Model 2

	Industrial Coefficient 
	62
	24

	Transportation Coefficient
	10
	24

	Commercial Coefficient
	5
	1

	Residential Coefficient
	1
	0.5

	Agriculture and Open Space Coefficient
	0.1
	0.1

	Root-mean-squared Error
	4.0
	6.3

	Percent Bias
	0.0
	-0.3

	Nash-Sutcliffe Model Efficiency Coefficient
	0.76
	0.42



Based on the first and strongest model (Model 1), the regional load estimate of microparticles to the San Francisco Bay from the small tributaries is 10.9 trillion pieces per year (Table 4). Note that the small tributaries freshwater input to the Bay represents 6% of the total freshwater input (Oram et al. 2008, McKee et al. 2013, Wu et al. 2017); other inputs include inflow from the large Sacramento-San Joaquin watershed that flows through the Delta, as well as direct precipitation and wastewater inputs. It is estimated that 74% of the microparticles from the small tributaries are flowing from the industrial areas around the Bay, which comprise just 6% of the land area (Table 4, Figure 8). Conversely, agriculture and open spaces comprise 61% of the land area draining from the small tributaries into the Bay, yet yield just 1% of the total load. 
Based on the particles that underwent spectroscopy, 64% of the particles were plastic and 26% were identified as anthropogenic unknown base or unknown, with the rest considered non-synthetic or natural in origin. This suggests that between 7 and 9.8 x 1012 microplastics enter the San Francisco Bay via the small tributaries annually.





Table 4. Land use and microparticle loadings estimate summary from small tributaries to the San Francisco Bay.
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[bookmark: _Toc8120335]Comparison to observations in other regions
These results can be compared to a limited number of available studies on microparticle and microplastics monitoring in creeks and rivers, but caution should be used. Of these existing studies, the collection techniques used to sample stormwater vary tremendously, making direct comparison challenging (GESAMP 2016, Dris et al. 2018; Table 5). Major differences in collection methods include different sieve or net mesh sizes used to capture microparticles, sampling at different depth locations in the water column, and sampling during dry as opposed to storm conditions. 

Table 5.  Studies of microparticles and microplastics in freshwater streams reported in the literature, including primary collection method differences.

	Location
	Sampling Condition (dry, wet, unknown)
	Surface or depth-integrated sampling
	Sample analysis
	Smallest sieve size (micron)
	Particles/L
	Reference

	Danube River, Austria
	Unknown
	Surface water
	Visual
	500
	0.00032
	Lechner et al., 2014

	29 rivers in Japan
	Dry
	Surface water
	Visual, FTIR on subset
	335
	0.0016
(mean of 29 sites)
	Kataoka et al. 2019

	Yangtze River, China
	dry
	Surface water
	Visual, Raman / FTIR on all
	333
	0.0009
	Xiong et al. 2019

	Los Angeles River, USA
	Wet
	Surface, mid, and
near-bottom water
	Visual
	333
	13
	Moore et al., 2011

	Los Angeles River, USA
	Dry
	Surface, mid, and
near-bottom water
	Visual
	333
	0.022
	Moore et al., 2011

	San Gabriel River, USA
	Wet
	Surface, mid, and
near-bottom water
	Visual
	333
	0.34
	Moore et al., 2011

	San Gabriel River, USA
	Dry
	Surface, mid, and
near-bottom water
	Visual
	333
	0
	Moore et al., 2011

	Coyote Creek, USA
	Wet
	Surface, mid, and
near-bottom water
	Visual
	333
	0.074
	Moore et al., 2011

	Coyote Creek, USA
	Dry
	Surface, mid, and
near-bottom water
	Visual
	333
	0.007
	Moore et al., 2011

	11 sites on the Rhine River, Switzerland, Germany, Netherlands
	Unknown
	Surface water
	Visual, FTIR on subset
	300
	0.0056
(mean of 11 sites)
	Mani et al. 2015

	El Cerrito rain garden catchment, USA
	Wet
	Depth-Integrated
	Visual, Raman / FTIR on subset
	125
	1.6
	Gilbreath et al. 2019

	12 small tributaries to San Francisco Bay, USA
	wet
	Depth-integrated
	Visual, Raman / FTIR on subset
	125
	9.2
(mean of 12 sites)
	This study

	River Seine, Paris, France
	Unknown
	Surface water
	Visual
	80
	0.030
	Dris et al. 2015

	Yangtze River, China
	unknown
	unknown
	Visual, FTIR on subset
	50
	2.5
	Wang et al., 2017

	Hanjiang River, China
	unknown
	unknown
	Visual, FTIR on subset
	50
	2.9
	Wang et al., 2017

	26 sites on the Pearl River along Guangzhou City, China
	unknown
	Surface water
	Visual, Raman / FTIR on subset
	50
	20
	Yan et al., 2019

	14 sites on the Pearl River along Guangzhou City, China
	Unknown
	Surface water
	Visual
	20
	2.7
	Lin et al, 2018




The range of microparticle concentrations we measured across the 12 watersheds varied from 1.3 to 30 microparticles/L. These concentrations are comparable to measurements reported in several studies from China (Pearl River Delta: Lin et al. 2018, Yan et al. 2019; Yangtze and Hanjiang Rivers: Wang et al. 2017), the Los Angeles River (Moore et al. 2011), and El Cerrito (located in the San Francisco Bay Area; Gilbreath et al. 2019). Our numbers were significantly higher than those reported in Europe (Lechner et al. 2014, Dris et al. 2015), Japan (Kataoka et al. 2019), and an additional study from China (Yangtze River: Xiong et al. 2019). Of note, the Pearl River Delta has been identified as a plastic trash hotspot, and is one of the top 10 rivers carrying plastic loads to the sea (Schmidt et al. 2017).
 
An initial review of the studies suggests mesh size is one of the more influential variables affecting the concentrations of particles (Covernton et al., 2019). Different mesh sizes were used to capture microparticles, varying between 20 μm (Lin et al. 2018) and up to 500 μm (Lechner et al. 2014). Many of the studies reviewed for this report used mesh sizes between 300-335 μm. Studies using these larger mesh sizes generally reported lower concentrations, often < 0.1 particles/L (Lechner et al. 2014, Mani et al. 2016, Kataoka et al. 2019, Xiong et al. 2019). In contrast, studies employing smaller mesh sizes (20-50 μm) generally reported concentrations of microparticles more similar to our observations (Lin et al, 2018, Wang et al., 2017, Yan et al., 2019). One exception is a study of the River Seine in Paris, which used an 80 μm mesh size but only reported 0.030 particles/L (Dris et al. 2015). The smaller mesh sizes are able to trap a greater proportion of microparticles. In this study, 68% of the total particle count was found in the 125-355 μm size fraction. In contrast, it is unknown how many more microparticles we would have captured if we used an even smaller mesh/sieve size. Other studies show a trend that the smallest fractions make up the majority of the samples (Wang et al. 2017, 50 μm net; Xiong et al. 2019, 333 μm net; Lin et al. 2018, 20 μm net).

Storm conditions during sample collection may also be a highly influential factor in measured concentrations of microparticles. This project monitored creeks and tributaries during wet weather events because studies in the Bay Area indicate that 95% of flow into the Bay from the small tributaries is rainfall-driven (McKee et al. 2003). Several studies have collected microparticle concentration data during dry weather (e.g., Yonkos et al. 2014, Kataoka et al. 2019, Xiong et al. 2019), on a monthly time interval that disregards the flow condition (Dris et al. 2018), or do not report the flow condition in the study (Lechner et al., 2014, Dris et al. 2015, Mani et al. 2015, Wang et al. 2017, Lin et al. 2018, Yan et al. 2019). Our conceptual model for microplastics is similar to many other pollutants; microplastics are entrained from the landscape in stormwater runoff and have greater concentrations during storm-driven flows. Moore et al. (2011) found a significant difference between the maximum concentrations measured on the Los Angeles River after a storm event (13 particles/L) versus the concentration measured at the same location during dry weather (0.022 particles/L). Note, Moore et al. (2011) used a net mesh size of 333 μm, which was larger than our mesh size but was consistent between the two sampling periods. Although most studies report much lower concentrations than we measured in this study, it may be the result of the flow condition during sampling. Therefore, caution should be taken in comparing between samples collected during differing flow conditions.
An additional variable that complicates regional comparisons is the depth at which microparticle samples are collected. Microparticles are often sampled using a mesh net to capture particles at the surface and just below. This method will bias toward collecting more buoyant microparticles, and therefore may also bias the polymer contribution results. It will also provide concentration data that is not appropriate for estimating loads. In this study, we collected a vertical depth-integrated sample by slowly moving the sampling tube up and down throughout the water column during sample collection. It was not feasible to profile horizontally across the stream channel. One study that evaluated microparticle concentrations across a 67 m wide channel during low flow showed significant differences between the banks and the middle of the channel (Dris et al. 2018). We hypothesized that during storm flow, in our relatively small channels (all less than 40 m wide and most less than 10 m wide), turbulence in the flow path would disperse the microplastics relatively evenly across the channel. Further study would be necessary to evaluate this hypothesis. 
[bookmark: _Toc8120336]Insights on microplastics sources
While there is no clear trend as to which types of particles dominate stream and stormwater flows worldwide, in some cases it is possible to make inferences as to sources. For example, in a study on the Danube River, industrial raw materials comprised of pellets, flakes, and spherules dominated the load (Lechner et al. 2014), and at 11 sites on the Rhine River, 60% of the microplastics were spheres believed to originate from industrial processes (Mani et al. 2015). In contrast, on the Pearl River, Lin et al. (2018) found that fibers dominated the total number of particles (81%). 

In this study, fragments comprised 59% of the total and fibers comprised 39%. Similar to our study, Baldwin et al. (2016) found that fibers and fragments were the most abundant morphologies in 29 Great Lakes tributaries. Insights on the sources of Bay Area fragments and fibers are presented below.
[bookmark: _q7ti2kcyrbwb][bookmark: _Toc8120337]Rubber fragments are a major source of microplastics to the Bay
In this study, the polymer, color and morphology data suggest that rubber fragments contributed nearly half of all microparticles. Of all rubber microparticles identified via spectral analysis (201 particles total), >99% were black fragments (1 rubber particle was foam and 1 rubber particle was clear). 92% of black fragments that were subjected to spectroscopy were identified as being rubber.  48% of the entire dataset were black fragments, and therefore we find it reasonable to infer that if 92% of those black fragments are rubber, then 44% of the entire dataset is likely rubber. Although potential sources of rubber are diverse, these rubber fragments could be coming from tire wear (Boucher and Friot 2017, Kole et al. 2017, Gray et al. 2018). 

Kole et al. (2017) estimated global emissions of microplastics from tire wear were, on average, 0.81 kg/year/capita worldwide. In the US, where there is a high number of cars per capita, as well as longer average commutes, the estimate was much higher, 4.7 kg/year/capita. Given the Bay Area population of 7.7 million people, and using 4.7 kg/year/capita, the estimate for microplastics generation from tire wear is 36.2 million kg/year. Not all of that will reach the Bay through small tributaries[footnoteRef:1]. Blok (2005) estimated that 70% of tire wear debris that remains on the road surface (as opposed to depositing next to the road on a less pervious surface) may run off with rainfall. Based on this estimate, as well as the polymer, color, and morphology of particles from the current study, the weight of evidence suggests that microplastics from rubber, which is potentially from tire wear, are a significant source of microplastics to the Bay. [1:  Considering the estimated rubber fragment load to the Bay, and accepting the Kole et al. (2017) estimate of 4.7 kg/year/capita for our population of 7.7 million people, if all rubber fragments in stormwater were from tire wear, then 24% of all the rubber fragments from tires generated in the landscape is ultimately transported via stormwater to the Bay.  ] 


Not all watersheds had black fragments (most of which the data indicates would be rubber). Line 12M contributed 49% of the total count of rubber fragments, whereas Rodeo Creek (a mostly rural, reference site) had no rubber fragments identified at all. Although there are road surfaces in the Rodeo Creek watershed and therefore there is likely at least some tire wear, the drainage area is mostly rural and therefore the roads are more likely to be disconnected hydrologically from the creek (we have not field-verified this). 

Line 12M, on the other hand, is almost entirely urban (98%), and therefore the roads and paved surfaces are more directly hydrologically connected to the drainage channel via the storm drainage system. This connection allows rubber particles that are entrained in stormwater to be directed to storm channels and consequently the Bay. Other potentially important factors include multiple used auto parts operations and a high traffic volume freeway. Although the freeway is downstream of our sampling site, the site is tidal and therefore microparticles could move upstream during flood tide. Microparticle fragments smaller than 300 μm can also be carried atmospherically (Allen et al., 2019), increasing the possibility that the nearby freeway may contribute tire particles to the drainage channel. 
[bookmark: _Toc8120338]Composition and sources of fibers vary widely
Fibers, which are ubiquitous throughout the environment (GESAMP 2016, Dris et al. 2018), accounted for 39% of the total microparticle data set. The composition of fibers varied from plastic to cellulose to unknown. Abraded fibers from textiles and clothing likely make up a large percentage of fibers in all environmental compartments. In stormwater, there are a number of potential sources of fibers including: the use of geotextiles in engineering, industrial laundromats and residential dryers expelling fibers into the air, abrasion of fibers off textiles and clothing in the outdoor environment (GESAMP 2016), atmospheric fallout (particularly associated with rainfall events), and degradation of cigarette filters, food packaging, and food containers. 

No single polymer comprised the majority of fibers, but polyester was the largest category, contributing 17% of all fibers. Polyester fibers may come from textiles or industrial applications in which polyester fibers are used in car tires for stability, fabrics for conveyor belts, safety belts, coated fabrics, or other applications when resiliency is a desirable characteristic. The second largest identified category of fiber was cellulose acetate (14% of all the fibers); cellulose acetate fibers are present in cigarette filters, as well as textiles and high absorbency products (e.g., diapers). 
[bookmark: _erimhhxwc3at][bookmark: _Toc8120339]Limited connections to single-use items
Microplastic particles that may be linked to common single-use items, a focus of current plastic pollution policy actions and consumer education campaigns, were a measurable but limited portion of the microplastics identified. After rubber, polyethylene (4.5%) and polypropylene fragments (3.5%) were the most significant polymers identified in the microparticle fragments analyzed. Only a small number of polyethylene terephthalate (PET) fragments (0.6%) were identified. Polyethylene, polypropylene, and PET are used in a wide variety of items, but notably, are also used to make many single-use products, including food and beverage containers, plastic straws, six-pack rings, and disposable cutlery. These single-use items are also among the most common beach litter items and feature prominently on the Better Alternatives Now (BAN) list as products to phase out of use and production. 

Other types of polymers and morphologies may be linked to single-use items. Polyethylene film, which represented 3.3% of total microparticles identified, is commonly used in plastic bags and wraps. Expanded polystyrene foam, used in a variety of food and other packaging, can fragment into foam particles in the environment. A very small number of polystyrene particles were identified (0.8%) in stormwater, including one foam, three fragments, one fiber, and one film particle. As noted previously, cellulose acetate, which represented 4.6% of the identified microparticles, is used in a wide variety of products, but is also used in cigarette filters. 
  
Our hypothesis for why particles potentially related to these common single-use litter items are only a limited portion of the microplastics identified in stormwater is that larger plastic debris may still be trash sized (greater than 5 mm) within the pathway. Longer exposure to sunlight and mechanical action may be necessary before they are transformed to microplastic size. A notable proportion of particles potentially linked to single-use items is observed in the surface waters of the Bay (see Section XX of this report), a finding that supports this hypothesis. Therefore, while it is not possible to identify the original product that microparticles originated from, reducing plastic litter is expected to help address an important source of microplastics to the Bay.
[bookmark: _95x32420j63x][bookmark: _Toc8120340]Industrial land use and microparticle discharges
The loads modeling effort suggests that industrial land uses may be a driver of microparticle and microplastic concentrations. Industrial land use was particularly well-correlated with microparticle concentrations, and although the loads modeling effort is built upon data from just 12 watersheds sampled just once each, this initial model calibration suggests that loads of microparticles from the industrial area of the San Francisco Bay watershed (6% of the total area) could export more than 70% of the total microparticles load to the San Francisco Bay (Figure 8). 

In modeling stormwater-related contaminants, land use categories were considered a proxy for commonly occurring activities associated with contaminant discharges. The conceptual understanding of microplastic discharges has not typically placed such a strong emphasis on industrial activities and land use (Boucher and Friot 2017; Sutton and Sedlak 2017). It would also be appropriate to explore alternative models to interpret the measurements and predict loads. For example, given the large proportion of tire-derived microplastics, an analysis that focuses more exclusively on correlating concentrations relative to proximity to roadways might provide insights. Additionally, microparticle concentrations may be better associated with imperviousness, a characteristic that promotes rapid movement of contaminants from land into stormwater channels.

A number of caveats should be considered when reviewing the output of this model. First, microparticle concentrations are likely to vary within and between years. We have only a single storm composite to characterize the concentration from each watershed. Further, we used data from 12 watersheds to calibrate the model, and the individual land uses in these watersheds may not vary sufficiently from watershed to watershed to enable a robust calibration for some land uses. In addition, the RWSM hydrological model has an error range of ±30% for flow. Nonetheless, this first attempt at estimating microparticle loads represents a starting point for characterizing loads from watersheds and the region.
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Figure 8. Regional land use distribution of microparticle contributions to small tributaries of the San Francisco Bay based on Model 1, which suggests industrial land uses may be associated with higher levels of microparticles.

[bookmark: _Toc8120341]Conclusions
This study reports microparticle and microplastic concentrations in stormwater runoff from 12 small tributaries to San Francisco Bay. Concentrations at each site ranged from 1.3 particles/L to 30 particles/L, which is greater than concentrations reported in many other studies, likely because our study targeted high flow stormwater runoff conditions and used a smaller sieve size than most other studies (125 μm versus greater than 300 μm). 
The most abundant particle type was fragments (59%), with almost half the entire microparticle count being black fragments that were likely rubber particles, with vehicle tires as one likely source. Industrial land use was particularly well-correlated with microparticle concentrations, and a simple calibrated loadings model was used to calculate an estimated load to the San Francisco Bay annually of 10.9 trillion particles; we estimate that 64-90% of this load (7.0 to 9.8 trillion pieces) is plastic.
The present study has helped address major data gaps on concentrations of microplastics in Bay tributaries, and presents an estimate of the total stormwater microplastic load to San Francisco Bay. It also highlights the potential importance of tire wear as a likely major contributor of microplastics into the Bay.
Data interpretation suggests the industrial land-use category merits further exploration as having the potential to discharge higher levels of microplastics via stormwater. Identifying land uses, attributes or activities associated with higher discharges can inform prioritization of stormwater management of microplastics.
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Appendix
Table A1. Total particle counts for each sampled location and laboratory blanks.
	Sample Location / Lab Blank
	Total Particle Count

	Line 12M
	1744

	Line 12M Duplicate
	2346

	Meeker Slough
	1283

	Line 12A
	1504

	Line 12J
	770

	Lower Coyote Ck
	903

	Line 12F
	181

	Colma Ck
	1203

	Line 12K
	1551

	Rodeo Ck
	180

	Guadalupe R
	386

	Refugio Ck
	152

	San Mateo Ck
	153

	Lab Blank 1
	52

	Lab Blank 2
	53

	Lab Blank 3
	5

	Field Blank
	45
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Figure A1. Simulated versus measured concentration results for the second model (Model 2) calibration. Watersheds in rank order of simulated concentrations.
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Figure A2. Concentrations of spectroscopically examined microparticles at each site. These numbers reflect concentrations based on the number of particles examined at each site, but those numbers are not proportional to the total number of particles measured at each site. Polyethylene, polypropylene, cellulose acetate, polyester, and rubber are considered plastic. The most abundant 16 cateogries are shown here while the abundances of all other microparticles are lumped into the category labeled “Other.”
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