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[bookmark: _Toc8311768]Executive Summary
Based on the detection of microplastic in San Francisco Bay surface water and Bay Area wastewater effluent in 2015, the Regional Monitoring Program for Water Quality in San Francisco Bay (RMP) convened a Microplastic Workgroup (MPWG) in 2016 to discuss the issue, identify management needs and management questions (MQs), and prioritize studies to provide information to answer these management questions. The MPWG meets annually to review ongoing microplastic projects and to conduct strategic long-term planning in response to new information in this rapidly evolving field.
The MPWG guiding management questions are: 
· MQ1: How much microplastic pollution is there in the Bay and in the surrounding ocean?
· MQ2: What are the health risks?
· MQ3: What are the sources, pathways, loadings, and processes leading to microplastic pollution in the Bay?
· MQ4: Have the concentrations of microplastic in the Bay increased or decreased?
· MQ5: Which management actions may be effective in reducing microplastic pollution? 
In 2017, the RMP’s Microplastic Monitoring and Science Strategy for the San Francisco Bay (Sutton and Sedlak 2017) outlined a multi-year plan identifying the need for studies including: developing robust methods; monitoring biota such as prey fish, bivalves, and sport fish; monitoring water and sediment; characterizing sources, pathways, loadings, and processes including stormwater and effluent monitoring; developing a transport model; evaluating policy options; assessing chemical composition of microplastic; and presenting the findings to scientists and managers. 
In this nascent field with new findings published almost daily, the Strategy is designed to be a living document that is updated periodically. This Strategy Update includes a short summary of recent findings from the San Francisco Bay Microplastics Project - a major monitoring effort in the Bay - and an updated multi-year plan based on the newly acquired knowledge and current management needs. 
In addition, one of the goals of the Microplastic Strategy, as well as the RMP’s Contaminants of Emerging Concern (CECs) Strategy (Sutton et al. 2017), is to prioritize pollutants based on relative risk. (Microplastic is considered a CEC.) The RMP prioritizes CECs observed in the Bay via a tiered, risk-based framework, using available ecotoxicity thresholds and other information. This prioritization framework serves as a decision-making guide for future monitoring activities and management actions. Prioritizing chemicals into risk-based tiers allows us to focus our resources on contaminants that present the highest risk to the Bay.
The European Union (EU) has recently determined that there is no safe threshold for the release of microplastic into the environment. Based on this EU risk assessment, the difficulty in remediating this type of pollution, and the upward trend in the detection of plastic in the environment, this Update presents a justification for elevating microplastics from its current category, possible concern, to moderate concern.



[bookmark: _Toc8311769]1.	Introduction
[bookmark: _Toc8311770]1.1 Definition of Microplastic
Microplastic is commonly defined as plastic particles smaller than 5 mm (Thompson et al. 2009; Masura et al. 2015; GESAMP 2015). The lower size limit of microplastic is often operationally defined, with surface water trawl samples typically limited to particles between 5 mm and 0.355 mm, while other methods may be able to detect smaller particles. Particles smaller than 100 nm are classified as nanoplastic, and are beyond the scope of this document.

Microplastic is a subset of microparticles that have been definitively determined as plastic through chemical spectroscopy. Many studies in the literature identify microparticles (particles less than 5 mm) using visual techniques, such as microscopy. In this report, we refer to particles identified visually as microparticles; particles that have been confirmed to be plastic through chemical spectroscopy such as Raman or Fourier Transform Infrared (FTIR) spectroscopy are referred to as microplastic. Given the high number of microparticles detected in some environmental samples, it is time-prohibitive to conduct spectroscopy on all particles, and subsampling becomes necessary.

Microplastic is a chemically and physically diverse contaminant. The term “plastic” encompasses materials made up of a broad range of polymers, including polyethylene (PE), polypropylene (PP), polystyrene (PS), polyamide (nylon), polyethylene terephthalate (PET or polyester in the case of fibers), polyacrylonitrile (PAN or acrylic), styrene-butadiene rubber (synthetic tire ingredient), and polyvinyl chloride (PVC) (Hidalgo-Ruiz et al. 2012; GESAMP 2016). Many of these polymers have significant levels of chemical additives to enhance the performance of the plastic, including flame retardants and plasticizers. Plastic polymers and monomers, as well as plastic additives, are the chemical components of microplastic contamination (Fries et al. 2013). 

Microplastics come in a broad range of shapes and sizes (Figure 1). Through visual observation with the aid of a microscope, particles are commonly classified in five different shape or particle type categories, which can provide insights as to the source of individual particles (Free et al. 2014; McCormick et al. 2014):

•	 Fragment – hard, jagged particle;
•	 Fiber or line – thin or fibrous, straight plastic;
•	 Pellet – hard, rounded, or spherical particle;
•	 Film – thin plane of flimsy plastic; and
•	 Foam – lightweight, sponge-like plastic.

Differences in size and shape can affect the way microplastics move through the environment, and may modify their potential for toxicity (Wright et al. 2013).
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Figure 1. Microscope view of microplastic types collected from a single surface water sample in San Francisco Bay. Photo courtesy of Dr. Sherri A. Mason.

[bookmark: _Toc8311771]1.2 Management Questions to Guide the Microplastic Strategy 
In 2015, the RMP embarked on a small screening study to evaluate microparticles in surface water from nine Bay sites and effluent from eight Bay Area wastewater treatment plants discharging to San Francisco Bay. The detection of microparticles, not all of which were known to be plastic, in the Bay water and effluent galvanized interest in microplastic pollution and led the RMP to convene a workshop on the topic and to form the RMP Microplastic Workgroup (MPWG). The Workgroup is composed of representatives from RMP stakeholder groups, regional scientists, state and federal government agencies, nongovernmental organizations, textile and garment manufacturers and consultants, and an advisory panel of expert scientists. 
The Workgroup developed management questions (MQs), which identify scientific needs and assist in the prioritization of studies that will provide information to answer these questions. 
The MPWG guiding management questions are as follows. 
· MQ1: How much microplastic pollution is there in the Bay and in the surrounding ocean?
This question encompasses two issues: firstly, the development of appropriate methods for characterizing microplastic pollution, including field collection methods and laboratory extraction and analyses procedures; and secondly, the presence and abundance of microplastics within the abiotic and biotic Bay and ocean environments. Based on the work to date, we have learned a great deal about successful field collection and laboratory methods and have begun to provide information to answer the question of how much microplastic is in the Bay.
· MQ2: What are the health risks?
This question addresses risks to humans and aquatic life from microplastics. Risks to aquatic life include physical impacts such as blockages in the digestive tract, as well as impacts associated with chemical exposures from the constituents in plastic or from contaminants adsorbed to the plastic. Risks are likely to vary among species, and with plastic type, particle shape, and size. Limited information is available regarding toxicity thresholds for microplastics and there is an urgent need for this information to evaluate the data generated to date. A recent EU risk assessment suggests there is no safe level of discharge (ECHA 2019).
· MQ3: What are the sources, pathways, loadings, and processes leading to microplastic pollution in the Bay?
This question addresses potential sources, pathways, and processes by which microplastics are introduced to the Bay. To date, we have evaluated stormwater and wastewater effluent as potential pathways; however, it is likely that other pathways, including air deposition, the release of materials through spills or dumping, and the in situ fragmentation of larger plastic debris to form microplastics all contribute to microplastic loads in the Bay. Evaluating the potential sources of microplastics and their relative contribution may aid in identifying management actions.
· MQ4: Have the concentrations of microplastic in the Bay increased or decreased?
This question addresses long-term temporal trends, supporting the goal of understanding the forces that lead to any identified trends, including changes in sources (e.g., consumer use or product redesign) and management actions (e.g., bag bans or implementation of green stormwater infrastructure). Trends may vary with particle type, reflecting different sources or pathways. Information from recent monitoring activities will establish baseline levels that can be used to track trends in microplastic concentrations in the Bay and assess the efficacy of management actions. 
· MQ5: Which management actions may be effective in reducing microplastic pollution? 
This question explores alternatives for reducing contamination. Source control is typically found to be the most effective and least expensive pollution prevention option, and may be the primary tool applied to reduce microplastic pollution. The federal ban on plastic microbeads in rinse-off personal care products that was implemented in 2018 is one example of microplastic-specific source control. However, the sources of microplastics to the environment are diverse, and different sources or particle types may be more amenable to source control than others. As part of the San Francisco Bay Microplastic Project (Section 1.3), the 5 Gyres Institute is developing a policy document that identifies recommended management actions. The policy document will be informed by the results of the Project’s scientific studies.
In addition, the Project includes development of a microplastic Bay and open ocean transport model. It is possible the model may provide insights on the potential impacts of management actions.
[bookmark: _Toc8311772]1.3 San Francisco Bay Microplastics Project
Coincident with the development of the Microplastic Strategy in 2016 (Sutton and Sedlak 2017), SFEI and 5 Gyres received approximately $1 million in funding, primarily from the Gordon and Betty Moore Foundation, with the RMP and others augmenting this grant. This funding enabled the San Francisco Bay Microplastics team to undertake the first two years of the multi-year plan outlined in the Microplastic Strategy, including: baseline characterization of surface water, sediment, and prey fish; evaluation of wastewater and stormwater pathways; development of a Bay and coastal California transport model; and assessment of policy options. 
This fall the San Francisco Bay Microplastics team will present findings from the study in a summary report, journal manuscripts, a policy document, a fact sheet, and at a symposium. Highlights from the San Francisco Bay Microplastics Project are presented below to help identify data gaps and inform an updated multi-year plan. 
[bookmark: _Toc8311773]1.4   California Initiatives on Microplastic in 2018
Last fall, Governor Jerry Brown signed two bills, one to monitor microplastics in drinking water, and a second to outline a microplastic research and monitoring strategy. Senate Bill 1422 requires the State Water Resources Control Board (State Water Board) to develop methods to monitor public drinking water supplies for microplastics and to require testing and reporting of the results. Senate Bill 1263 directs the Ocean Protection Council to prepare a Microplastic Strategy for the State of California that includes: a prioritized research plan; development of standard methods for microplastic monitoring; characterization of microplastic concentrations in ambient surface waters; development of a risk assessment framework; and recommendations for policies to mitigate and reduce microplastic pollution. The Ocean Protection Council will collaborate with the State Water Board, the Office of Environmental Health Hazard Assessment, and scientists to develop the strategy. 
The findings of the San Francisco Bay Microplastics Project will help inform both the science and policy recommendations of the Ocean Protection Council’s forthcoming strategy document. 
[bookmark: _Toc8311774]2.	Recent Findings 
[bookmark: _Toc8311775]2.1 Insights Regarding Field and Analytical Methods
The lack of standardized methods for the collection, extraction, analysis, quality assurance, and reporting of microplastics has been widely acknowledged as a significant challenge for the field (ECHA 2019; Rochman et al. 2019; SAPEA 2019; Wolff et al. 2019; Lares et al. 2018; Simon et al. 2018; Dyancheko et al. 2017). In particular, field blanks, field duplicates, and other quality assurance/quality control (QA/QC) samples are largely missing from the early microplastic studies, but are starting to be incorporated into study designs (Wolff et al. 2019; Lares et al. 2018; Simon et al. 2018).
We are learning that some field methods are more appropriate for sampling microplastics than others. For example, in general, Manta trawls work well for fragments; fibers may be more successfully collected using grab samples. Some methods may add a significant amount of microparticles to samples. For example, we observed a significant number of microparticles in our field blank samples that were collected using a pump. Given these considerations, time and expertise must be taken in constructing sampling systems in order to avoid contamination derived from sampling equipment, as well as field and laboratory settings. 
To date, microplastic laboratory analyses are very labor intensive, which makes it logistically infeasible to conduct spectroscopy on every microparticle collected. A number of new methods have been developed in conjunction with the San Francisco Bay Microplastics Project, including the magnetization of microplastic to facilitate more efficient extraction (Grbic et al. 2019), and staining techniques to more rapidly determine fiber composition (Zhu et al. 2018). These techniques are promising; however, there is an urgent need for greater automation. 
Fibers were widely detected in Bay Area samples and in the field and laboratory blanks. In some instances, the detection of fibers in the blanks could be traced back to a specific source (e.g., orange life jackets on board the sampling vessel or a curly black fiber mat on one of the sampling vessels [removed after the second day]); however, in most instances, sourcing the fibers was not possible, attesting to the pervasive and ubiquitous presence of fibers in the environment. Based on the field sampling to date, there are indications that these fibers may be transported through air deposition. 
Recently, the Southern California Coastal Water Research Project (SCCWRP) has embarked on a project to identify and standardize extraction and analytical methods and QA/QC procedures that can be applied to drinking water, wastewater effluent, fish tissue and sediment.  The results of this project are scheduled to be available in 2020.
[bookmark: _Toc8311776]2.2 Surface Water and Sediment 
As part of the San Francisco Bay Microplastics Project, surface water samples were collected from 16 sites in the Bay and 11 sites in the National Marine Sanctuaries located off the California coast during both wet and dry seasons. Manta trawl, 10-liter pump, and one-liter surface water grab samples were collected to provide a baseline of microplastic concentrations in surface water, assess spatial distribution in the Bay and Sanctuaries, and evaluate the influence of season. Laboratory analyses have just been completed and we are currently in the process of reviewing and synthesizing the results.
Sediment samples were collected from 27 sites in San Francisco Bay and three sites in Tomales Bay (correlated with reference locations for prey fish). The sediment samples will be used to assess baseline conditions, evaluate spatial distribution (including nearshore vs open Bay sites), assess the influence of potential pathways such as stormwater and wastewater, and evaluate uptake from sediment into biota (small prey fish). Laboratory analyses are on-going and results are expected in late spring.
[bookmark: _Toc8311777]2.3 Prey fish
As part of the San Francisco Bay Microplastics Project, ten fish each of two species (anchovy, Atherinops affinis and topsmelt, Engraulis mordax) were collected from six locations in San Francisco Bay and two locations in a reference area (Tomales Bay) to evaluate the presence of microplastics in prey fish. Prey fish are important to assess because they are key species in the food web, provide information on spatial distribution and potential hot spots, represent an important link between abiotic compartments and the food web, and may be an indicator of exposure to higher trophic level organisms, including larger predators and humans.
Preliminary results suggest that microparticles are routinely ingested by prey fish; 99% of the fish sampled had microparticles in their gut, with a maximum of 57 particles per fish, with an average of 12.6 particles. Microparticles were also detected in the laboratory blanks, with an average of 5.7 particles per blank (n = 15, range 1 to 17, 93% fibers). 
In the prey fish guts, the majority of microparticles were fibers (87%) followed by fragments (10%); microparticles that underwent spectroscopy were largely identified as particles of anthropogenic origin with unknown composition, meaning they may or may not be plastic. Prey fish from the highly urbanized San Francisco Bay had higher particle counts than fish from the more rural reference area, Tomales Bay. In addition, a literature review revealed that San Francisco Bay prey fish had higher concentrations of microparticles compared to prey fish located elsewhere, although different extraction methods and size fractions were used in these other studies, making comparisons challenging. A dietary study of Bay Area sport fish that likely consume prey fish suggested that microparticles may be present in higher level trophic organisms (Jahn 2018); however, a more detailed study is necessary to assess impacts to higher trophic levels, including humans. 
One of the challenges with the detection of microplastics in prey fish is the dearth of information on the potential for toxicity. Microplastics have been associated with neurotoxicity, endocrine disruption, adverse impacts to immunity, reduction in predatory response, and mortality in fish (de Sa et al. 2018). However, the concentrations used in laboratory studies are high and are not representative of field conditions. To date, there are no established thresholds specific to prey fish; ecological effects studies at relevant environmental conditions are needed. 
[bookmark: _Toc8311778]2.4 Pathways: Stormwater and Wastewater 
Stormwater and wastewater are believed to be significant pathways for the introduction of microplastic into surface waters (Benoit and Foucher 2017; Sutton and Sedlak 2017; GESAMP 2016). As such, an important component of the multi-year plan and the San Francisco Bay Microplastics Project was an assessment of these two pathways to determine baseline conditions and factors that may influence microparticle concentrations.
Stormwater
As part of the San Francisco Bay Microplastics Project, 12 tributaries comprising 11% of the watershed drainage area to San Francisco Bay (i.e., 763 sq. km out of a total of 6,725 sq. km) and 6% of the total flow to the Bay via small tributaries were sampled during storms to measure concentrations of microparticles. Geographically distributed throughout the Bay Area, these tributaries were selected based on watershed size, watershed characteristics (e.g., impervious surfaces), land-use characteristics (e.g., commercial, industrial, rural), and whether the tributary had been previously identified as a trash hotspot (i.e., macrodebris greater than 5 mm). 
Microparticles were identified in stormwater from all 12 tributaries, discharging between 1.3 and 30 microparticles per liter, with a mean of 9.2 microparticles per liter. Microparticles were also detected in one field blank (7 microparticles; six fibers and one fragment) and three laboratory blanks (average of 37 microparticles; range 5 to 53; 95% fibers). The highest count in all of the blanks was 53 particles, which is 35% of the lowest concentration found in the field samples (152 particles). Fragments (59%) and fibers (39%) constituted nearly all microparticles sampled. 
Based on findings from the chemical spectroscopy conducted on 7% of the microparticles, visual identification of rubber fragments on a larger subset, plus color and morphology identification in the entire dataset, we estimate that 48% of all microparticles in our samples were black rubber fragments. Rubber is considered a plastic.
Correlations among microparticle concentrations and land uses were evaluated, and the Regional Watershed Spreadsheet Model (RWSM), previously developed for legacy pollutants such as PCBs and mercury, was used to estimate loads discharged to the Bay. Based on correlations and the model, it appears that industrial land use may be associated with higher microparticle concentrations. The potential reasons for this are not clear and need to be further explored. The RWSM model provided an annual estimate of microparticle load of 10.9 trillion microparticles to the Bay per year from small tributaries. Based on the chemical identification of a subset of microparticles that underwent chemical spectroscopy and assuming similar distribution for the remaining microparticles that were not analyzed, potentially two thirds of these microparticles could be microplastics. 
Rain Gardens
The San Francisco Estuary Partnership provided funding to evaluate the efficacy of rain gardens to reduce microplastics entering stormwater systems as part of a larger study evaluating their efficacy on legacy contaminants. This study was conducted during the wet season of 2016; influent into the garden and effluent after percolation through the garden were sampled over the course of several storms and analyzed for microplastic (Gilbreath et al. 2019). The small catchment (approximately one acre) is located along a major urban transit corridor. 
Fibers composed 58% of particle counts. Of the fibers, 13% were positively identified as plastics, 9% natural based cotton or wool, and the remaining were not able to be identified further than anthropogenic. Rubber and paint fragments made up 7% of particles, and 31% of the remaining fragments were positively identified as plastic. All the microbeads identified in this study were made of glass, which are hypothesized to come from reflective paint on roads.
Based on a comparison of influent and effluent, the rain garden was able to remove greater than 90% of the microparticles. These results suggest that rain gardens may provide additional societal benefits beyond legacy contaminants. Further research on larger and alternative green stormwater infrastructure landscapes is necessary to understand efficacy and optimal performance with respect to microplastic.
Wastewater
Microparticles were sampled in the effluent of eight Bay Area wastewater treatment plants that represent over 70% of the overall effluent flow to the Bay. The eight facilities were geographically distributed, varied in flow rates from 150 to 630 million liters per day (39 to 167 million gallons per day), and employed a variety of secondary and tertiary treatments. Effluent was sampled twice from each facility to assess variation.
Microparticles were identified in effluent from all eight facilities, discharging an average of 0.063 microparticles per liter (n = 16; range 0.008 to 0.2 microparticles per liter). Microparticles, particularly fibers, were also identified in the field blank (38 in total) and laboratory blanks (n = 5, average 17, range of 13 to 29). In the wastewater samples, fibers, followed by fragments, were the most frequently identified shapes (55% and 23%, respectively), a common observation in the literature. 
Facilities employing tertiary treatment had statistically lower microparticle concentrations than secondary treatment facilities, suggesting that enhanced treatment may have multiple societal benefits, including reduction in pollutants as well as microparticles. However, any microplastic captured through wastewater treatment is not expected to degrade within sewage sludge/biosolids or filtration media, and disposal of these materials may result in the transport of microplastic to other environmental compartments.
In aggregate, approximately 90 million microparticles per day were discharged to the Bay by the eight facilities. Assuming a similar distribution among the remaining facilities, approximately 129 million microparticles were estimated to be discharged per day or approximately 47 billion microparticles annually. This estimate is substantially lower than the annual microparticle loads estimate from the small tributaries surrounding the Bay of 10.9 trillion microparticles.
A rough estimate of the amount of microplastic discharged to the Bay can be calculated using the spectroscopy information, concentration of microparicles and a review of the literature. Spectroscopy was conducted on approximately 40% of the particles identified. Of those microparticles, 44% were confirmed to be plastic. Another 31% were classified as anthropogenic, unknown base (meaning that they may or may not be plastic). As a first approximation, if 44% of all particles discharged are assumed to be plastic, then 40 million microplastic particles are discharged per day by these eight facilities. However, some fraction of the particles classified as anthropogenic unknown are likely plastic as well. The majority of such particles from this study were fibers (80%), and approximately 60% of textiles today are made from polyester (Pruden 2017). As an upper bound, if we assume that 60% of the anthropogenic unknown base microparticles are plastic, then the total amount of microplastic discharged from these facilities is 57 million microplastic particles per day. As a lower bound, if we assume that all of the microparticles detected in the blank are plastic and blank subtract the average of the laboratory and field blanks from the samples, the estimate of microplastic discharged is 37 million particles per day. The estimate of microplastic discharged to the Bay therefore ranges from 37 to 57 million particles per day, with a well-supported estimate of 40 million particles per day. 
[bookmark: _Toc8311779]3	Reclassification of Microplastic from Possible to Moderate Concern 
[bookmark: _Toc8311780]3.1 RMP’s Tiered Risk and Management Action Framework for CECs
For those Chemicals of Emerging Concern (CECs) with data from Bay water, sediment, or biota, and for those that have relevant toxicity information, the RMP has developed a risk-based screening method to assign appropriate levels of concern based on a CEC’s potential to impact San Francisco Bay (Sutton et al. 2017). The degree of concern associated with a particular chemical or chemical class guides both monitoring activities and management actions (Table 1). 
The risk management tiers have been defined as follows (Sutton et al. 2017; Lin et al. 2018):
High Concern – Bay occurrence data suggest a high probability of a moderate or high level effect on Bay wildlife (e.g., frequent detection at concentrations greater than the EC101).
Moderate Concern – Bay occurrence data suggest a high probability of a low level effect on Bay wildlife (e.g., frequent detection at concentrations greater than the PNEC2 or NOEC3 but less than the EC10 or another low level effects threshold).

1 EC10, effect concentration where 10% of the population exhibits a response
2 PNEC, predicted no effect concentration
3 NOEC, no observed effect concentration
Low Concern – Bay occurrence data suggest a high probability of minimal effect on Bay wildlife (i.e., Bay concentrations are well below toxicity thresholds and potential toxicity to wildlife is sufficiently characterized).
Possible Concern – Uncertainty in toxicity thresholds suggests uncertainty in the level of effect on Bay wildlife. Bay occurrence data exist; in some cases, they may be constrained by analytical methods with insufficient sensitivity.
Secondary factors that may impact tier assignments include trends in use of the chemical or trends in Bay concentrations, as well as the potential for cumulative impacts.



















Table 1. The RMP Conceptual Tiered Risk and Management Action Framework for San Francisco Bay. Once Bay monitoring data are available, a CEC may be classified within this framework (Sutton et al. 2017)
	
	Risk Level Description
	Monitoring Strategy
	Water Quality Management Actions

	High Concern
	Bay occurrence data suggest a high probability of a moderate or high level effect on Bay wildlife.
	Studies to support TMDL or alternative management plan.
	303(d) listing.* 

TMDL or alternative management plan.*

Aggressive control/treatment actions for all controllable sources.

	Moderate Concern
	Bay occurrence data suggest a high probability of a low level effect on Bay wildlife.
	Consider including in Status and Trends monitoring.

Special studies of fate, effects, sources, pathways, and loadings.
	Action plan/strategy.

Aggressive pollution prevention.

Low-cost control/treatment actions.

	Low Concern
	Bay occurrence data suggest a high probability of minimal effect on Bay wildlife.
	Discontinue or conduct periodic screening level monitoring in water, sediment, or biota. For CECs previously considered moderate concern, maintain Status and Trends monitoring for at least two cycles.

Periodic screening level monitoring for chemical(s) detected in wastewater or stormwater to track trends.
	Low-cost source identification and control.

Low-level pollution prevention.

Track product use and market trends.

	
	
	
	

	Possible Concern
	Uncertainty in toxicity thresholds suggests uncertainty in the level of effect on Bay wildlife. In some cases, analytical methods are inadequate.
	Screening level monitoring to determine presence in water, sediment, or biota.

Screening level monitoring for presence in wastewater or stormwater.
	Maintain (ongoing/periodic) effort to identify and prioritize emerging contaminants of potential concern.

Track international and national efforts to identify high priority CECs.

Develop biological screening methods and identify available analytical methods.


*Subject to Regional Water Quality Control Board action with public review
[bookmark: _Toc8311781]3.2 Rationale for Classifying Microplastics as Moderate Concern
Initially, microplastics were classified as a possible concern under the RMP tiered risk framework, based on the uncertainty of effects due to a lack of toxicity studies (Sutton et al. 2017). We recommend microplastics be reclassified and elevated to moderate concern based on the following: the recent classification of microplastics as a non-threshold risk substance; toxicity studies; and the continued upward trend in plastic use. Each of these factors is discussed in more detail below. 
Microplastics are a non-threshold risk contaminant
In 2019, after an extensive review of the body of knowledge regarding microplastic, the European Chemical Agency (ECHA), which oversees the use of chemicals in the European Union (EU), determined that microplastics are persistent, bioaccumulative, toxic, and that the releases to the environment are uncontrolled (ECHA 2019). As a result, ECHA concluded that microplastics should be classified as a non-threshold substance for the purposes of risk assessment, with any release to the environment assumed to result in risk. 
Specifically, ECHA concluded: there is currently insufficient information to derive a [sic] robust predicted no effect concentrations (PNECs) for microplastics, that could be used to justify a conclusion that risks are adequately controlled, either based on current exposures in the environment or exposures that are forecast to occur in the future (ECHA 2019). 
Based on this finding, ECHA proposed a ban on microplastics that are intentionally added to products used by consumers and industries. The restrictions cover a broad range of microplastic uses in products, including agricultural controlled-release fertilizers, cosmetics (rinse-off and leave-on products), controlled-release medications, detergents (fragrance encapsulation), paints, construction materials, and oil and gas processing. The ban does not apply to microplastics that are generated as a result of secondary processes such as fragmentation or degradation of larger plastic items in the environment. 
Also contributing to the non-threshold risk classification was the persistence of these compounds and the fact that they are exceedingly difficult to remove once introduced into the environment. The half-lives of these materials are not known with certainty due to the wide variety of polymers in use and varying environmental conditions; however, it is widely acknowledged that these particles will be stable in the environment for hundreds, if not thousands of years (SAPEA 2019; Andrady 2011; GESAMP 2015).
Toxicity studies of Bay-relevant species 
Microplastic can pose risk to aquatic life through physical and chemical mechanisms; this risk is discussed extensively in the Strategy document (Sutton and Sedlak 2017). In general, there is a dearth of microplastic studies identifying impacts to organisms at ecologically relevant concentrations. Some of the studies that are conducted using concentrations that are on the low end of reported literature values have identified impacts to Bay-relevant species albeit at concentration that are high relative to micoparticle concentrations observed in Bay Area stormwater and wastewater. 
A recent study by Green et al. (2019) identified adverse outcomes to a Bay-relevant species, the mussel (Mytilus edulis), which is found in San Francisco Bay. Exposure of Mytilus edulis to environmentally relevant concentrations of polyethylene microparticles (~1,000 particles per liter or 25 ug/L) reduced the number of byssal threads (i.e., attachment threads) and their tensile strength by 50 percent, and caused reduced filtration rates and oxidative stress (Green et al. 2019). The reduction in byssal thread number and strength weakens the structure of mussel beds, making them more susceptible to dislodgement and predation. The Pacific oyster (Crassostrea gigas) is also found in the Bay. Exposing the Pacific oyster to very small spheres of polystyrene (2 to 6 ucron) at environmentally relevant concentrations (23 ug/L, particle count is not included) resulted in higher feeding rates, lower fecundity and decrease in offspring (Sussarellu et al. 2016).  These concentrations are three to four orders of magnitude higher than concentrations detected in Bay Area stormwater and wastewater.
In general, microplastic particles may be ingested, taken up through the gills, or be present in prey, such as invertebrates and small fish. For smaller organisms, plastics may physically block feeding structures, impair respiration by clogging gills, cause lacerations, or induce inflammation. In larger organisms, ingested microplastic particles may be present in the gut, gills or tissues. Recent studies have shown that microplastics can translocate from the guts of bivalves (van Cauwenberghe and Janssen 2014) and fish, such as herring and anchovies (Collard et al. 2017), to other tissues where they may elicit an adverse immune response associated with inflammation and cell damage (Alimba and Faggio 2019; GESAMP 2016). This finding has particular relevance to the RMP categorization of microplastic because both anchovy and herring are found in the Bay; Pacific herring is one of the last commercial fisheries in the Bay. Once in prey, microplastic can transfer to higher trophic levels if organisms such as prey fish and bivalves are eaten whole or if the microplastic has translocated to tissues (Farrell and Nelson 2013; Collard et al. 2017; GESAMP 2016).  
Microplastics have been associated with impaired feeding, lower growth rates, decreased respiration, impaired reproduction and mortality in many organisms (Rist and Hartman 2017; SAPEA 2018; Cole et al. 2013, 2015; Wright et al. 2013; Watts et al. 2015). For example, a study of fish (Japanese medaka, Oryzias latipes) exposed to environmentally relevant concentrations of virgin and marine weathered plastics demonstrated altered gene expression and abnormal histopathology, suggesting the ingestion of microplastics may disrupt the endocrine system of fish (Rochman et al. 2014). 
There is wide variation in results reported in the literature, indicating a great deal of uncertainty and variation in sensitivity. Trying to ascertain how much of this variability is due to inconsistent methods, exposures, and analyses is a large task. In addition, many studies have been conducted in laboratories using high concentrations that are not representative of environmental conditions (GESAMP 2016; Bessling et al. 2018; ECHA 2019; SAPEA 2019).
There is an urgent need for ecotoxicological studies that evaluate the effects of microplastics at environmentally relevant concentrations in organisms at multiple life stages.
Projected Future Trends 
Since the 1960s, plastic production has increased by approximately 8.7% annually (Jambeck et al. 2015). In 2016, 335 million tons of plastic were produced worldwide (Plastic Europe 2017), with future projections likely to double to 600 million tons (Azoulay et al. 2019). Globally, 5 to 13 million tons are estimated to be disposed of in the ocean every year (Jambeck et al. 2015). Estimates of plastic in the Great Pacific Garbage Patch show a doubling in concentration in the last decade (Lebreton et al. 2018). Although recent policy actions may reduce some plastic use (e.g., straw, bag, and food-packaging bans) and discharge (trash control measures), the reservoir of plastic in use today is large and, without significant management actions, is likely to result in continued discharge to the environment and the Bay.  
Recommendation of Moderate Concern
In light of the determination by ECHA that microplastic is a non-threshold chemical for which no safe level exists, the ubiquitous detection of microplastic in Bay matrices, the findings of ecological risk to bivalves and fish, and the projected trends of plastic use, we recommend that microplastic be classified as an emerging contaminant of moderate concern under the RMP tiered risk framework. 
[bookmark: _Toc8311782]4	Future Monitoring Directions
Based on recent findings, we have revised the multi-year plan to include several new studies. For all studies, we have indicated whether the study idea is new, its relative priority (high, medium or low), and the target year. The multi-year plan is provided at the end of this section (Table 2).
[bookmark: _Toc8311783]4.1 Microplastic Strategy (High, annual)
Strategy funding is necessary to conduct core tasks including: tracking new information regarding microplastic occurrence and toxicity; responding to requests for information from the Water Board and other stakeholders; and, in collaboration with the Workgroup, identifying any essential data gaps for San Francisco Bay that could be filled by the RMP or others. Strategy funding also allows for important leveraging activities, such as the coordination of pro bono analyses by partners. 
[bookmark: _Toc8311784]4.2 Sport Fish (High, 2020)
Microplastic was detected in 99% of the prey fish we sampled. A follow-up question is whether it is also detected in sport fish, which are consumed by apex predators such as seals and humans. It is important to quantify microplastics in sport fish because it can be an important vector for transferring chemicals such as flame retardants and plasticizers present in the plastic to the fish (Panaetier et al. 2019; Rochman et al. 2013), and because of the human and wildlife health risks associated with ingestion of plastic and contaminant exposures from fish consumption. 
Microplastics have been detected in sport fish from other locations (Compa et al. 2018; Collard et al. 2017; Neves et al. 2015; Rochman et al. 2015); however, to date, no study has quantitatively measured microplastics in Bay sport fish. In a study looking at the gut contents of four fish species from eight locations in San Leandro Bay, microparticles consisting of fibers, film and fragments were observed (Jahn 2018). Because the focus of the study was the dietary contents in the guts of topsmelt, northern anchovies, white croaker, and shiner surfperch and, as such, standard procedures for microplastic analysis were not undertaken (e.g., dissection in a clean room and secondary confirmation with spectroscopy), these results should be viewed qualitatively. Nonetheless, the potential identification of microparticles in sport fish such as white croaker and shiner surfperch (Jahn 2018) suggests that microplastics are likely to be present in larger Bay fish.  
[bookmark: _Toc8311785]4.3 Stormwater Conceptual Model (New, High, 2020)
As described previously, microparticles and microplastics were identified in stormwater from all 12 tributaries monitored, discharging between 1.3 and 30 microparticles per liter, with a mean 9.2 particles per liter. Correlations between stormwater microparticle concentrations and watershed land use, as well as calibration of the Regional Watershed Spreadsheet Model, suggested that some land uses such as industrial land use may be associated with greater discharges of microparticles and microplastic. 
We propose to develop a conceptual model that describes sources of microparticles and microplastic to stormwater, and identifies land uses and/or landscape attributes that could be linked to higher levels of discharge. A review of Bay data in the context of the scientific literature may suggest industrial land use, impervious surfaces generally, or proximity to roadways as key factors that may explain higher levels of discharge, and should be evaluated in future monitoring studies. Evaluating possible factors influencing microparticle and microplastic loads is important to identify potential sources, to better understand areas of uncertainty, and to identify key attributes that influence the generation of microparticles in stormwater.  
[bookmark: _Toc8311786]4.4 Assessing Ecological Effects (New, High, 2021)
With the detection of microplastics in small prey fish, it is important to understand potential risks that microplastic presents to fish and wildlife that consume fish. Microplastics have been shown to cause physical damage to small fish through the accumulation and blockage of the digestive tract of some organisms (Cole et al. 2013; Wright et al. 2013). In addition, exposure to microplastic has been associated with reduced feeding and growth rates, reduced reproductive fitness, and diminished mobility (ECHA 2019). However, very little is known about the mechanisms that cause these effects, and even more uncertainty is associated with the thresholds at which these effects occur. This information will help us develop management actions to protect the most vulnerable species. 
Oregon State University researchers, working in conjunction with SFEI staff, have submitted a proposal to NOAA to evaluate the effects of microplastic on herring across multiple life stages. This study proposes to assess concentrations of microplastic in wild herring (San Francisco Bay and a reference site) and will use this information to inform a series of laboratory experiments to evaluate the impacts of microplastic on fecundity and health. In addition, the proposal will evaluate fiber composition and additives. We are presently waiting to hear whether the proposal was awarded. If the proposal is not successful, we will seek funding from other agencies, foundations, and the RMP for this work. 
[bookmark: _Toc8311787]4.5 Characterize Microplastic Additives to Assess Exposure (Medium, 2022)
It is also important to understand the chemicals that are associated with microplastics and are released into the environment either through uptake into the food web or directly to sediment and water. Plastic is by definition a chemical polymer that may be composed of toxic monomers. In addition, it can contain a number of additives to enhance its performance, including plasticizers, flame retardants, pesticides, stain and/or water repellency coatings, and dyes. For example, polyvinyl chloride plastics can contain up to 50% phthalates (plastic additive) by weight (Rochman et al. 2019). 
Rubber particles were frequently detected in stormwater. In 2017, as part of a non-targeted analysis of surface water from San Leandro Bay, several compounds associated with rubber tires were qualitatively identified in surface water, such as 1,3-diphenylguanidine (DPG), a rubber vulcanization agent likely derived from vehicle tires. 
The role microplastics play in the release of pollutants to Bay surface water and aquatic life is currently unknown and is important for assessing risks. 
[bookmark: _Toc8311788]4.6 Air Deposition (New, High, 2023)
Air deposition of microplastics may be an important pathway for the introduction of microplastic particles into surface waters; however, very little research has been conducted to date (GESAMP 2016; Boucher and Friot 2017; SAPEA 2019). Air deposition studies have occurred in Paris, France (Dris et al. 2015; Dris et al. 2016), in an urban Chinese city (Dongguang, Cai et al. 2017), in a remote part of Mongolia (Free et al. 2014 in GESAMP 2016), and in the French Pyrenees (Allen et al. 2019). In Paris, atmospheric deposition of microparticles occurred in a range of 2 to 355 microparticles/m2/day. The majority of the microparticles were fibers (Dris et al. 2016) and nearly one-third of them were synthetic or a mix of synthetic and natural compounds. Similar airborne concentrations of microparticles were identified in Dongguang, China, with concentrations ranging from 175 to 313 microparticles/m2/day (Cai et al. 2017). Fiber was also the dominant morphology identified; polyethylene, polystyrene and polypropylene were identified in some particles. 
Some samples collected in remote areas have shown a surprisingly high concentration of microplastics. A recent study of atmospheric deposition of microplastics in a remote area of the French Pyrenees mountains indicated that microplastics consisting of 249 fragments, 73 bits of film, and 44 fibers were deposited daily per square meter, based on sampling over a five-month period (Allen et al. 2019). Much lower concentrations were observed near a non-densely populated lake: 0.02 microparticles/m2 (20,264 particles/ km2). These studies suggest that even remote areas—far from sources or use—may be affected by microplastic contamination (Free et al. 2014 in GESAMP 2016). 
We propose studying the air deposition of microplastics in various locations (e.g., nonurban, urban residential, industrial, commercial) to better understand background concentrations, the potential airborne sources of microplastics, the magnitude relative to other pathways such as stormwater and wastewater, and the potential for mitigation.
[bookmark: _Toc8311789]4.7 Trend Monitoring (High, 2022/ 2023)
It will be important to periodically assess the status of surface waters, sediment, and biota to evaluate trends and assess the efficacy of management actions (e.g., microbead ban). In addition, if microplastic is categorized as a moderate concern chemical, inclusion of microplastic monitoring within RMP Status and Trends sampling may be appropriate. 
[bookmark: _Toc8311790]4.8 Continuation of Stormwater Assessment (New, High, 2022)
Based on the findings of the stormwater conceptual model proposed for 2020, additional information from other watersheds may be needed to further evaluate the influence of factors such as land use, impervious surfaces, and transportation on the generation of microparticle loads in Bay Area watersheds. 
[bookmark: _Toc8311791]4.9 Evaluation of Green Stormwater Infrastructure (New, High, 2023)
A pilot study of a rain garden in a small urban catchment suggested that rain gardens may be effective in removing microplastics, as well as the legacy contaminants they were designed to capture. Further research on larger and more varied land uses is necessary to understand efficacy and optimal deployment with respect to microplastics.
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Table 2.  Multi-Year Plan for Microplastic

Element Study Funder

Questions 

Addressed

2016 2017 2018 2019 2020 2021 2022 2023

Strategy Microplastic Strategy RMP 1,2,3,4,5 25 15 10 10 10 10

Additional funding for the Moore 

Foundation SF Bay Microplastic Project

RMP/ Others* 1,2,3,4,5 115

Bivalves RMP 46

Sport fish RMP 15 79

Prey fish

Moore 

Foundation

130

Prey fish RMP 50

Assessing ecological impacts RMP 1,2 150

Ambient & margins sediment

Moore 

Foundation

100

Surface water: Bay /Ocean

Moore 

Foundation/ 

Bay Keeper

**

238

Evaluating baseline conditions RMP 50 50

Stormwater and wastewater effluent

Moore 

Foundation

90

Continuation of stormwater monitoring  RMP 50

Stormwater conceptual model RMP 30

Green Infrastructure: evaluating efficacy of 

rain gardens

SFEP/ RMP 10 50

Model transport in Bay & ocean

Moore 

Foundation

80

Monitoring in air depostion RMP 100

Options for source control/  efficacy of 

microbead ban, foam bans

 Moore 

Foundation

40

Characterize microplastic additives to 

assess exposure

RMP 100

Synthesis

Synthesize findings (e.g. report, factsheet, 

video), hold symposium

Moore 

Foundation

1,3,5 290

25 75 46 30 119 160 260 210

0 518 210 290 0 0 0 0

25 593 256 320 119 160 260 210

Black font indicates RMP funding; purple font funding from the Gordon and Betty Moore Foundation; blue external source.

*

 Additional contributions were madeby the RMP (75K), Palo Alto (10K), EBMUD (5K), Patagonia (10K), and Chabot Wellington Foudation (15K).

**

Bay Keeper provided in-kind support (e.g., vessel, captain and staff time).

Monitoring 

biota

1,2,4

Characterizing 

sources, 

pathways, 

loadings, 

processes

1,3,5

1,3,4

Monitoring 

water and 

sediment

Evaluating 

control options

1,5

RMP Subtotal

External Subtotal

Overall Total
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