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Macroplastic pollution in and around rivers negatively impacts human livelihood, and aquatic ecosystems. Monitoring data are crucial for better understanding and quantifying this problem, and for the design of effective intervention strategies. However, current monitoring efforts are often of short duration, or study single river compartments. We present a “Roadmap” to overcome the challenges related to the design and implementation of long-term riverine macroplastic monitoring strategies. This “Roadmap” can help accelerating the process of achieving structural monitoring through providing a stepwise approach, which links monitoring goals and research questions to the data and methods required to answer them. We identify four monitoring goals: 1) policy, 2) knowledge development, 3) operations, and 4) solutions. Linked to these, we provide a non-exhaustive list of 12 globally common research questions that are important to answer to reach these goals. The “Roadmap” takes these questions and links them to development levels of monitoring methods for each river compartment: 1) method development, 2) baseline assessment, and 3) long-term monitoring. At each level, specific questions can only be answered if the level is achieved for specific river compartments. For questions at higher levels, the previous levels need to be achieved first. This creates a clear stepwise approach to solve open challenges. With the “Roadmap”, we provide a new tool to support decision-making and planning of specific projects by policy makers. The “Roadmap” is a clear and stepwise, yet flexible framework that allows to add and remove elements based on new insights, available resources, and other relevant changes.
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INTRODUCTION
Macroplastic pollution (plastic items >0.5 cm) in riverine environments is an emerging environmental risk, as it negatively impacts ecosystems, endangers aquatic species, and cause economic damage (van Emmerik & Schwarz, 2020; Meijer et al., 2021). To better quantify riverine macroplastic pollution, and effectively reduce its negative effects, a thorough understanding of sources, transport, fate, and effects of riverine macroplastic pollution is crucial. Macroplastics have been observed in all compartments of the river system (van Emmerik and Schwarz, 2020; Morales-Caselles et al., 2021). Known sources of riverine macroplastic pollution include sewage outlets from wastewater treatment plants, recreational activities in the vicinity of riverbanks, adjacent industrial areas, and areas with high urban activities (Hoellein and Rochman, 2021). Monitoring macroplastic in river systems is crucial to quantify the magnitude of the problem, to identify and quantify inputs from all sources, identify accumulation zones, and to observe temporal trends.
Methods to quantify riverine macroplastic pollution differ per river compartment (e.g., floating, water column, riverbank, sediment, and biota; van Emmerik and Schwarz, 2020) in terms of their level of technological readiness. Floating macroplastics and macroplastics on riverbanks have been studied to a greater extent, which has led to these methods to be more developed compared to those for the other compartments. For example, multi-year monitoring strategies for riverbank litter have been carried out in Germany and Netherlands (Kiessling et al., 2019; van Emmerik et al., 2020). Floating macroplastic has been quantified across Europe using the same methodology as presented by the European Union Joint Research Centre in the RIMMEL project (González-Fernández et al., 2021). Other river compartments such as the water column and riverbed are studied less frequent and systematically (Blettler et al., 2018; Vriend et al., 2021). Work has been undertaken to develop and harmonize guidelines for monitoring macroplastic in freshwater environments (e.g., Wendt-Potthoff et al., 2020). However, knowledge on how to convert these efforts into long-term monitoring strategies that integrate multiple river compartments is lacking.
Data gathered through long-term and wide-scale monitoring that includes all river compartments are needed to answer the relevant policy, knowledge, operational, and solution-related questions, that are key to solving the problem of macroplastic pollution. However, a structured approach on how to advance from the current short-term and temporary measurements, to an integrated monitoring strategy for riverine macroplastic is currently missing. In this paper we provide the “Roadmap”, which can be used by governments, scientists, and practitioners to structure the development of an integrated monitoring strategy. The ideal strategy is highly dependent on local context such as river typology, available resources and the level of pollution (Vriend et al., 2020a). The “Roadmap” can help develop and implement important long-term monitoring in a faster, more reliable, and cost-effective manner. This framework can further be used to determine what type of monitoring is required to answer specific research questions (Goals for Long-Term River Plastic Monitoring) concerning riverine macroplastic pollution.
GOALS FOR LONG-TERM RIVER PLASTIC MONITORING
Macroplastic monitoring strategies are often set up with different goals. For example, monitoring projects can be undertaken for knowledge development on riverine macroplastic pollution (Kiessling et al., 2021), to aid the development of policy through identifying frequently found items and possible sources (González-Fernández et al., 2021), and or to guide site selection of intervention strategies (Helinski et al., 2021). We identified four overarching goals for monitoring, these being 1) policy, 2) knowledge development, 3) operations and maintenance, and 4) solutions. These four goals were formulated based on literature, and our own experience with relevant stakeholders from academia, (inter)governmental stakeholders, and practitioners.
Goal 1: Policy Development and Implementation
The first goal of riverine macroplastic monitoring is to support the development of policy aimed at reducing pollution. There has been an increase in new guidelines and regulations related to plastic litter in aquatic environments, such as the EU Marine Strategy Framework Directive (Galgani et al., 2013), the EU Water Framework Directive (Directive 2000/60/EC), and the EU Single-Use Plastics Directive (Elliott and Thomsom, 2020). Monitoring is necessary to design effective policy aimed at the reduction and mitigation of macroplastic pollution, as well as to determine whether policy goals are achieved. Furthermore, macroplastic monitoring will support the development of item or material specific policies. For example, the persistent occurring of small bottles (<500 ml) during monitoring of macroplastic on land has led to the introduction of deposits on these bottles in Netherlands (van Veldhoven, 2020). As many large rivers are transboundary systems, monitoring has to be done in collaboration with neighboring regions (as shown by Schulz et al., 2013 for monitoring of beach litter in the OSPAR region).
Goal 2: Fundamental Knowledge Development
The second goal relates to all actions for knowledge development. To date, the understanding of macroplastic sources, sinks, pathways, effects, retention times, degradation, and fragmentation is limited. Such knowledge is crucial for optimizing prevention, mitigation, and reduction strategies. We identify three urgent knowledge gaps that require monitoring. The first gap concerns the limited knowledge on the sources of riverine macroplastic, its distribution throughout river systems and how it may affect source reduction and removal strategies (Helinski et al., 2021). The second knowledge gap considers that most riverine macroplastic items do not reach oceans (Meijer et al., 2021; Tramoy et al., 2021). Finally, understanding the effects of extreme events on the leakage, mobilization, and transport of macroplastic through rivers can support better preventive measures (Roebroek et al., 2021). Fundamental knowledge development on these three knowledge gaps will advance prevention, mitigation, and reduction strategies.
Goal 3: Operations and Maintenance
Governmental organizations may also include the monitoring of plastic pollution in their responsibility for the operation and maintenance of the public works and waterways, including the maintenance and clean-up of infrastructure such as locks, weirs, and levees (van Emmerik and Vriend, 2021). Operations and maintenance of these assets requires a thorough understanding of the presence and magnitude of possible risks. These risks include damage to, or blockage of infrastructure caused by macroplastic pollution (Honingh et al., 2020). To effectively mitigate these risks, managers require a thorough understanding of the effects macroplastic pollution on the infrastructure they are managing. Such understanding has to be generated through monitoring.
Goal 4: Solution Design and Implementation
Finally, monitoring is important to support the development, implementation and evaluation of best sollutions to prevent, mitigate, and reduce macroplastic pollution in (aquatic) ecosystems. Monitoring provides quantitative data, which allow to assess the efficacy of policy changes such as measures to reduce pollution sources (e.g., consumers, industry, and sewage leakage), improved waste infrastructure, or a specific macroplastic collection strategies such as litter traps. Insights gained from this can then be used to design best practices for macroplastic pollution prevention, mitigation, and reduction. For example, data on plastic loads are needed for site selection for the installation of macroplastic traps and to determine the efficacy of these traps (Tramoy et al., 2019; Helinski et al., 2021). Furthermore, these data can be used to forecast during what periods most litter is expected to be transported and what possible sources for this are (van Emmerik et al., 2019). Effects of targeted policy measures can also be evaluated. Long-term data allow for trend analyses to asses the effect of discouraring or banning specific products on leakage of those products into the (aquatic) environment.
Linking Goals to Research Questions
Based on these four goals and previously published literature, a non-exhaustive list of 12 universally relevant questions was distilled that can be answered to reach the monitoring goals set out in the previous sections (Table 1). This list includes fundamental questions such as how to measure macroplastic pollution in a specific river compartment. Moreover, it consists of questions that require long-term monitoring, such as how to determine the impact of measures taken to reduce macroplastic. This list can be expanded to include other open research questions that may stem from previously mentioned research goals. The “Roadmap” presented in the next section is a tool to aid the design of monitoring strategies which can answer this full range of questions.
TABLE 1 | Overview of research questions that can be answered with a large scale, integrated monitoring strategy for macroplastic pollution in rivers.
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The “Roadmap” is a tool that connects any envisioned future river plastic monitoring strategy with the steps that should be taken to reach this and aligns these actions with selected research goals. In this regard the “Roadmap” is inspired by the backcasting principle, which is a tool used in planning to deal with uncertainty of reaching a desired future by tracking back the steps that can be undertaken to reach it (Dreborg, 1996; Holmberg and Robèrt, 2000).
The “Roadmap” is structured around the twelve open questions identified in the previous section using a three-level framework. In the end, each question is related to data, though at a different level: 1) method development, 2) baseline assessment, and 3) long-term monitoring. The first level (method development) relates to all technical and methodological developments that are the foundation for a suitable monitoring strategy. For example, no standard method is available to monitor macroplastics in the water column (Collas et al., 2021). To answer in depth question for this compartments a standard method first has to be developed. The first step to solving questions for this compartment therefore starts at level one. The second level (baseline) focuses on establishing a baseline measurement, and can include rapid assessments of macroplastic in a specific compartment. Baselines are crucial to get a first sight on the magnitude of the problem and to provide insights for developing the final long-term monitoring protocol (Nurhati and Cordova, 2020). Macroplastic flux can vary more than five orders of magnitude around the world (van Calcar and Van Emmerik, 2019). A rapid assessment will reveal the approximate local pollution level of a river system. Each river may require a specific monitoring strategy, depending on the level of pollution, relevant research questions, and available resources (Vriend et al., 2020a). Finally, the third level relates to the actual long-term monitoring strategy. At this level, questions about trends, and effects of policy changes on the level of pollution can be answered. This is not possible at one of the lower levels. This creates a clear stepwise approach to solve open challenges. For example, to evaluate the effect of measures, insights on all levels are required (method development, baseline assessment, and long-term monitoring). In contrast, specific questions related to methods and protocols remain on the first level.
The presented three-level structure can be used to assess the current and desired state of knowledge of monitoring for specific compartments. Current monitoring strategies for riverine macroplastic may only include the quantification of it on riverbanks, which results in data that can be used to answer research questions for only this compartment (e.g., Kiessling et al., 2019; van Emmerik et al., 2020). In this case, level one (method development) has been fulfilled since suitable monitoring methods have been developed and tested. Moreover, these methods have been applied at a large scale for both cases, indicating that a first efforts have been made for a baseline. Once the baseline study is finished, the values that are found provide the first statistics on the abundance of riverbank macroplastic pollution, the spatial distribution, and frequently found item types. However, only after the continuation of the monitoring over a longer period of time, the data allow for trend analysis, and observed variations can be attributed to policy measures with a higher degree of confidence.
The “Roadmap” framework is flexible in two dimensions. As discussed, the stepwise approach facilitates extension of the current or future monitoring strategies. Once levels 1 and 2 (method development and baseline assessment) are reached, the strategy can be extended to the next level. The framework also shows how to expand the scope of the strategy by also considering other river compartments besides riverbanks (e.g., floating and water column). Figure 1A shows the result of expanding and extending a strategy. At level 1 (method development), each compartment requires specific technology and protocols (e.g., visual counting for floating macroplastics, net sampling for macroplastic in the water column). At the second level (baseline assessment), the compartments form an integrated strategy to allow for a holistic approach for the monitoring protocols, data collection, analysis and dissemination. At the third level (long-term monitoring) the compartments remain connected and integrated for an extended period of time.
[image: Figure 1]FIGURE 1 | Overview of the “Roadmap” presented in this study, with (A) the “Roadmap” with 3 development levels (Method development, Baseline assessment, and Long-term monitoring) for each river compartment (R = Riverbank, F = Floating, S = Sediment, C = Water column, and B = Biota), the level of questions that can be answered for each development level, and the option to expand the scope of monitoring by adding river compartments (dotted line around Biota), and (B) the iterative cycle of the “Roadmap” for long-term monitoring. Adapted from van Emmerik and Vriend (2021), published under a CC BY 4.0 license.
The framework allows for a flexible and iterative approach, as individual components can be added, removed, or changed. If a new technology for water column measurements is developed (e.g., echo sounding; Broere et al., 2021), a new “compartment” can be added to the framework. However, here one starts again at level one, as the measurement method needs to be developed, and tested. Another possibility is to add or remove complete river compartments, based on new findings. For example, observations may show that macroplastic in biota is not a relevant compartment for the questions that the monitoring strategy is trying to answer compared to macroplastic on riverbanks and floating macroplastic. As a consequence, the biota “compartment” can be removed from the long-term strategy. Similarly, new compartments (e.g., floodplains) can be added through the expansion of the scope.
Iterative Cycle of Long-Term Monitoring
The “Roadmap” is not a linear tool. It offers a flexible approach that allows for the incorporation of new insights, monitoring goals, priorities, and data (Figure 1B). Design and optimization of a national riverine macroplastic monitoring strategy requires an iterative approach, the “Roadmap” is therefore designed as an iterative cycle (Figure 1B). First monitoring goals are set and the current state of knowledge is assessed. This leads to the identification of questions cannot be answered yet. The “Roadmap” can then be used to identify the routes that should be taken to develop a fitting monitoring strategy. These routes set out specific projects that should be carried out and the development levels provide guidance on in which order these projects should be executed. After the routes to answers have been finished it can be assessed whether the previously set monitoring goals have been achieved or are still relevant. After this a new cycle can start with new or revised monitoring goals, new open questions, and a new “Roadmap”.
CASE STUDY—APPLICATION OF THE “ROADMAP” IN THE NETHERLANDS
The “Roadmap” is used by Rijkswaterstaat (RWS, Ministry of Infrastructure and Water Management, Directorate-General for Public Works, and Water Management, Netherlands) to advise the Dutch government on the development of a long-term integrated monitoring strategy for riverine macroplastic in the main rivers of Netherlands (Rhine and Meuse; van Emmerik and Vriend, 2021). This case study illustrates how RWS has used the “Roadmap” to plan the long-term monitoring strategy for Dutch rivers.
Monitoring Goals
Monitoring for policy is important since the Dutch government is in the process of implementing policy to reduce plastic pollution (van Veldhoven, 2020). Data gathered through monitoring can be used to facilitate policy implementation and to monitor the efficacy of measures after implementation. Moreover, monitoring macroplastic pollution for the effective operation and maintenance of waterways and hydraulic infrastructure is important (van Emmerik and Vriend, 2021). Last, RWS has been experimenting with removal technologies through small scale pilots to determine the effectiveness and cost-efficiency of these technologies (van Veldhoven, 2018). Data gathered through monitoring can be used to determine the main sources of pollution that should be reduced and show the efficacy of riverine macroplastic removal technologies.
Open Questions
The research questions that extend from these goals include:
• How much macroplastic is in the main Dutch waterways?
• What is the composition of macroplastic pollution in relevant river compartments?
• What is the efficacy of measures aimed at reducing riverine macroplastic pollution?
Routes to Answers
RWS included three river compartments in the first iterative cycle of developing a monitoring strategy: floating macroplastic, macroplastic on riverbanks, and macroplastic suspended in the water column (Figure 2). They made an inventory of the development levels of the monitoring methods for each compartment and used this inventory to decide on the routes required for answers (van Emmerik and Vriend, 2021).
[image: Figure 2]FIGURE 2 | Example in which the “Roadmap” is used to indicate the progress of developing a monitoring strategy by RWS for three river compartments (R = Riverbank, F = Floating macroplastic, and C = Water column). Green indicates the development level has been passed, orange indicates that the development level is in progress, and red indicates the development level has not been started yet since previous levels have not yet been passed. Adapted from van Emmerik and Vriend (2021), published under a CC BY 4.0 license.
Previous research efforts in Dutch rivers had mainly focused on riverbank macroplastic and on floating macroplastic. Riverbanks had previously been quantified on a large scale for multiple years, though a baseline for RWS was missing (van Emmerik et al., 2020). Floating macroplastic have also successfully been monitored on multiple occasions (e.g., van der Wal et al., 2015; Vriend et al., 2020b), though long term measurements were lacking. Macroplastic in the water column had not yet been quantified, though first tests with trawls, and larvae nets deployed from boats were tested (Collas et al., 2021; Oswald et al., 2021). It was therefore decided that the riverbank compartment and the floating compartment passed development level 1 (method development) and still needed work for passing level 2 (baseline assessment; Figure 2). The water column compartment needed more development to pass level 1 (method development).
Priority and Clusters
RWS subsequently uses the levels of the compartments to prioritize projects that have to be undertaken to develop a monitoring strategy that can answer their research questions. Methods to quantify macroplastic in the water column are relatively underdeveloped. RWS is therefore exploring options to further develop these methods through pilot projects. Besides, baseline measurements are undertaken for floating macroplastics in Netherlands (van Emmerik and de Lange, 2021). Last, the previously developed method for riverbank macroplastic (van Emmerik et al., 2020) is developed further so it can be applied in a standardized way. Once these goals are achieved, the results can be evaluated to determine whether the monitoring goals are being met, or changes need to be made.
CONCLUDING REMARKS
With the “Roadmap” a practical tool for the design of a national riverine macroplastic monitoring strategy is presented. We emphasize that there is no single solution or path forward. Depending on the defined goals, guidelines and new insights, the actual selection of projects and their respective timelines may change. The “Roadmap” shows what steps are required to arrive at an answer to a specific question.
The “Roadmap” defines four goals for the national riverine macroplastic monitoring strategy: 1) policy development, 2) knowledge development, 3) operations and maintenance, and 4) solutions. A non-exhaustive list of research questions that may stem from these monitoring goals is presented. This list can be expanded by the user of the “Roadmap” to include other open research questions.
The “Roadmap” consists of three levels: 1) method development, 2) baseline assessment, and 3) long-term monitoring. At each level, specific questions can only be answered if the level is achieved for specific river compartments. For questions at higher levels, the previous levels need to be unlocked first. This creates a clear stepwise approach to solve open challenges.
The “Roadmap” can be used by policy-makers to define and prioritize specific projects that are necessary to answer the locally relevant questions. The specific questions and projects are not exhaustive, and the “Roadmap” is a flexible framework that allows to add and remove elements based on new insights, the available resources, and other relevant changes. Riverine macroplastic monitoring remains an iterative process, and with the “Roadmap” we aim to provide a tangible starting point for policy-makers, scientists and practitioners Boonstra et al., 2021, Schmidt et al., 2017.
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1 How can macroplastic be monitored in each river compartment?
How to determine the plastic mass balance in rivers?

What are the emissions of macroplastic from rivers into the ocean?
What are standard measuring units for each river compartrment?
Where are macroplastic accumulation zones i rivers?
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What are the effects of specific prevention and reduction measures?
10 What are the long-term trends of riverine macroplastic transport?

1 What are transport pathways of piastic pollution though river systems?
12 What is the role of floods on macroplastic transport in rivers?
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