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Abstract: Freshwater biodiversity is declining dramatically, and the current biodiversity crisis requires defining bold goals and mobilizing substantial resources to meet the challenges. While the reasons are varied, both research and conservation of freshwater biodiversity lag far behind efforts in the terrestrial and marine realms. We identify fifteen pressing global needs to support informed global freshwater biodiversity stewardship. The proposed agenda aims to advance freshwater biodiversity research globally as a critical step in improving coordinated action towards its sustainable management and conservation.
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Freshwater biodiversity encompasses genes, populations, species, communities, and ecosystems, and provides essential ecosystem services that are fundamental for human livelihoods and well-being. Freshwater biodiversity, however, is disproportionately threatened at unprecedented rates. The most recent Living Planet Report documents on average 84% decline of abundances of 3,741 monitored populations – representing 944 vertebrate species –in freshwater habitats since 1970, the steepest decline of any of the major realms: land, oceans, and fresh waters1. Yet, research on and conservation of freshwater biodiversity have been insufficiently prioritized. Freshwater biodiversity remains underappreciated relative to marine and terrestrial biodiversity2-4. International and intergovernmental science-policy platforms and funding agencies continue to fall short of giving freshwater biodiversity its rightful place in global biodiversity, climate, and socio-economic forums5-7, often including freshwater biodiversity in the terrestrial realm or simply overlooking it.
We propose an agenda to advance freshwater biodiversity research as a critical step in supporting and improving coordinated action towards its sustainable management and conservation. Our agenda informs funding provision, provides guidance to civil society and governmental agencies, and spurs scientists and policymakers to engage with each other to support informed global freshwater biodiversity stewardship. Our agenda does not constitute an exhaustive assessment of all priority needs, nor does it aim to rank them. Instead we identify fifteen pressing global needs, grouped into five major research areas to support conservation and management actions (Fig. 1). The global needs reflect the collective opinion of the coauthors based on responses to a consultation conducted in 2020 and described in the supplementary document.
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Figure 1: A global agenda for advancing freshwater biodiversity research, with a summary of fifteen priority global needs in five major areas to support research for conservation and management actions.

Data infrastructure – Establish and empower information hubs for the acquisition, mobilization, integration, and provision of data across all areas of freshwater biodiversity research. Concrete action steps include:
· Establish a comprehensive compilation of data sources on freshwater biodiversity that documents their interrelationships. This step is essential to select a tractable number of efficient outlets and prioritize the use of existing platforms where metadata are available, such that robust and verifiable protocols for data processing, handling, and validation can be implemented.
· Mobilize and make available existing data for the wider research community by digitizing data from regional and national monitoring agencies, museum collections, nature conservation associations, and research institutions, among others. Special attention must be given to non-English-language sources, which tend to be neglected in global meta-analyses.
· Develop accessible databases according to the FAIR principles of Findability, Accessibility, Interoperability, and Reusability8, in addition to the Nagoya Protocol on access to genetic resources9.

Monitoring – Strategic programs that efficiently and comprehensively document the status and trends of development of freshwater biodiversity are key to research, management, and conservation. Necessary steps include:
· Coordinate existing freshwater biodiversity monitoring programs to increase the efficiency of ongoing monitoring activities, develop probabilistic survey designs to infer the global status of freshwater biodiversity10, and enhance integration across locations (e.g., LTER, GLEON sites).
· Enhance the taxonomy and ecological knowledge of freshwater organisms to increase coverage of organismal groups and geographical areas. Special attention to fungi, protists, and other neglected taxa often described as “hidden biodiversity”11 is required.
· Develop and improve methodologies to overcome the taxonomic limitations and inefficiencies of monitoring programs. Such methodologies include (i) omics, which use DNA, RNA, proteins, and the full suite of metabolites; (ii) optics, ranging from automated image analysis or artificial intelligence supported video, to remote-sensing technologies such as drones and satellites; and (iii) biodiversity informatics, citizen science, and other emerging approaches to gather and processing information. Additionally, new developments need to capture dimensions of freshwater biodiversity beyond taxa diversity, notably interspecific genetic diversity, species interactions that modulate biogeographic patterns of species in freshwater communities, ecosystem functioning and ecosystem services, and habitat diversity.

Ecology – Ecological context is key to conservation and management, as are the interactions among organisms and the environment that determine the responses to global change. We advocated developing research to identify major local, regional, and global drivers affecting patterns of change in freshwater biodiversity. Required steps includes:
· Further identify relationships among biodiversity, ecosystem functioning, and nature’s contributions to people. This requires developing a mechanistic understanding of these relationships, integrating the multidimensionality of the role of biodiversity in ecosystem processes, and improving process-based models for freshwater biodiversity and their contribution to human well-being. 
· Establish cause-and-effect relationships to understand and predict the responses of biodiversity to multiple stressors and the release from such stressors. Field and system-wide experimentation will be necessary to achieve this step, coupled with modeling to develop current and future scenarios and identifying general principals.
· Explore the acclimation, evolutionary, and evasion potentials of organisms, and the associated ecosystem responses to global change. Targeted field surveys, combined with coordinated multi-site experiments through global research networks, will be required. Such and effort should include large-scale enclosures, exclosures, and experimental lakes, streams, wetlands, and entire catchments. However, new and creative funding mechanisms will be crucial to establish and maintain long-term and large-scale experimental platforms to advance this research (e.g., AQUACOSM).

Management – Enhance science-based strategies and methods for sustainable freshwater biodiversity management. Necessary steps include:
· Improve outcome assessment of restoration measures using large-scale replication of before-after-control-impact (BACI) designs, including long-term post-monitoring phases. Meta-analyses of results from post-monitoring phases will be essential to explain restoration success and failures and to provide the foundations for a fundamental rethinking of restoration programs to recover freshwater biodiversity. 
· Develop models and projections in line with the scenarios for Nature Futures12,13 and promote research that expands and evaluates nature-based solutions (e.g., constructed wetlands and riparian buffer strips) for management strategies.
· Develop and test landscape- and catchment-based restoration programs including lakes, ponds and wetlands, and develop and test environmentally and ecologically compatible dam schemes to minimize ecological impacts. Given the current global surge in hydropower dam construction and planning14, biodiversity research on the impacts of such dams must improve to support regulatory instruments, preserve the longitudinal connectivity and migratory corridors, and accompany the sustainable management of freshwater biodiversity. More broadly, strategies are needed to enhance blue infrastructures and the associated ecosystem services provided by both large and small, lentic and lotic freshwater ecosystems. 

Socio-ecology – Considering freshwater biodiversity in its socio-economic context and societal responses to biodiversity change and conservation are essential to design conservation implementation strategies. Proposed steps include:
· Develop solutions for conflicts between biodiversity conservation and the human use of freshwater ecosystems and their catchments. Socio-ecological approaches that integrate cultural and societal practices in knowledge co-production are needed15. The shifting baseline syndrome16,17 needs to be acknowledged when examining how humans value freshwater biodiversity at present while ensuring its preservation and restoration for the future. 
· Address trade-offs among ecological, economic, and societal targets by concurrently engaging local communities, scientists and policymakers to develop adaptive management strategies and measures to protect freshwater biodiversity. This includes embracing traditional and indigenous ecological knowledge18.
· Systematically develop citizen science19,20 and participatory research to harness the societal competencies and workforce that extend beyond academia and government. Developing and sharing methods and designing new experimental approaches that can be scaled at low cost are critical aspects for consideration. Additionally, we should place greater emphasis on engaging dedicated citizen experts21, a tremendously valuable yet often overlooked resource to advance freshwater biodiversity research.

In conclusion, we propose an ambitious agenda to initiate and further support the strategic development of freshwater biodiversity research to document patterns, processes and changes, and to improve management and conservation. Our agenda provides a framework for the pressing needs to counter the unprecedented global challenges faced by freshwater biodiversity. The proposed steps underscore major research priorities to cultivate informed global action to protect and sustainably manage freshwater biodiversity. Research needs and priorities vary regionally, and the development of regional agendas and priorities are an essential next step. Clearly, the current freshwater biodiversity crisis requires defining bold goals and mobilizing substantial resources to meet the challenges. We call upon scientists, policymakers, and stakeholders to provide the necessary support for a powerful agenda to protect our fresh waters, which provide the key resources for the sustainable development and functioning of our societies. 
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A Global Agenda for Advancing Freshwater Biodiversity Research
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Supplementary document

This document comprises five sections providing the method used for the structured consultation method leading to the proposed research agenda (Section 1), the consultation providing the initial set of identified priority needs (Section 2), the geographic expertise of the contributors (Section 3), the field of expertise in freshwater biodiversity research of the contributors (Section 4), and the expertise of the contributors in particular organisms or levels of biodiversity (Section 5).

Section 1 – Consultation method.

We identified research needs for advancing global freshwater biodiversity research based on a national agenda developed for Germany[footnoteRef:1]. Accordingly, we first identified 36 needs that were grouped into five major research areas: 1) Data infrastructure; 2) Monitoring; 3) Ecology; 4) Management; and 5) Socio-ecology.  [1:  Jähnig SC, Adrian R, Arlinghaus R, Becks L, Behrmann-Godel J, Berendonk T, Borchardt D, Dutz J, Freyhof J, Gaedke U, Geist J, Gessner M, Großart H-P, Haase P, Hahn HJ, Hering D, Hölker F, Jeschke J, Jürgens K, Kremp A, Kube S, Labrenz M, Leese F, Monaghan MT, Pätzig M, Pauls S, Piontek J, Pusch M, Schäfer RB, Schneider J, Stöck M, Straile D, Sommerwerk N, Suhling F, Wagner A, Weitere M, Weithoff G, Winkelmann C, Worischka S (2019) Living Waters: A Research Agenda for the Biodiversity of Inland and Coastal Waters. DOI: 10.4126/FRL01-006418180.] 

We contacted 211 freshwater biodiversity researchers globally with expertise in the five major research areas and covering all continents and major world regions. The consultation was conducted in January 2020 by email, and experts were invited to submit their contribution anonymously through a dedicated online portal. Contributors were asked to score the relative needs according to relevance and were invited to submit additional needs not considered in the provided list of 36 priorities (Section 2). Additionally, contributors were asked to provide their geographic expertise (Section 3), their field of expertise (Section 4), and their expertise in organism groups and levels of biodiversity (Section 5).
All contributors were invited to identify themselves and to express their interest in discussing the results of the consultation and co-authoring the agenda. With these, opinions were later summarized and fifteen priority needs were presented as outlined in the agenda for advancing global freshwater biodiversity research. Few contributors were unable to do so for professional and/or personal reasons. 

Section 2 – Consultation in five research areas.

Data infrastructure
The current practice of decentralized data collection by a large number of institutions greatly restricts broad analyses, predictions, and recommendations of action. Current practices also contradict the principles of open and FAIR (findable, accessible, interoperable and reusable) data. Therefore, urgent needs are to:

· Create an overview of freshwater biodiversity data sources and how they interrelate
· Develop freely available (open access) databases according to the FAIR criteria
· Create mechanisms and infrastructure for the (semi-)automatic generation of species distribution maps
· Establish cooperation among data portals (e.g. GBIF, iNaturalist, or regional portals)
· Mobilize and digitize existing data, (e.g. data collected to support the EU Water Framework Directive and Habitats Directive)

Monitoring
Despite extensive monitoring data on selected groups of freshwater organisms, very little is known about the occurrence and distribution of the vast majority of species. Less accessible groups of organisms are insufficiently explored in terms of taxonomy and ecology, and the
biodiversity of numerous habitats that are not subject to routine monitoring programs is mainly assessed on the basis of individual case studies. This calls for efforts to:

· Coordinate existing or initiate new freshwater biodiversity monitoring programs
· Increase knowledge related to the frequency of occurrence and distribution of species, populations, and habitats
· Monitor intraspecific diversity and population dynamics of selected indicator organisms
· Improve taxonomic and ecological knowledge on aquatic organisms
· Increase knowledge of “hidden” or unknown biodiversity such as parasites, microeukaryotes, fungi, and groundwater biodiversity
· Increase knowledge about complex causes of extinction, e.g. drastic declines in amphibians
· Adopt new approaches and methods enabling efficient and comprehensive monitoring (e.g., eDNA analysis, metabarcoding, proteomics, remote sensing, high-frequency monitoring, and citizen science)
· Monitor neobiota in ports of entry, their spread, and impacts on ecosystem functions and services
· Monitor stressors
· Monitor major ecosystem processes and material, energy, and nutrient flows

Ecology
There is an urgent need to improve our understanding of direct and indirect effects of biodiversity loss on ecosystem functions, such as productivity and nutrient cycling, as well as on the related ecosystem services.

· Develop a mechanistic understanding of biodiversity-ecosystem function-ecosystem service relationships
· Establish cause-and-effect relationships for predicting the responses of biodiversity to stressors
· Increase knowledge on biodiversity in transitional zones linking aquatic and terrestrial ecosystems
· Increase knowledge on the relationships and interactions among distinct organism groups (e.g. fish, macrozoobenthos, phytoplankton, phytobenthos) in food webs
· Develop and improve process-based models for freshwater biodiversity and their contribution to human well-being
· Improve knowledge on the impact of climatic and hydrological extreme events
· Improve knowledge on ecosystem and socio-economic effects of neobiota
· Increase knowledge on the adaptation potential of organisms and ecological systems to abiotic and biotic changes

Management
Contemporary management must cope with competing demands on freshwater and coastal waters and their adjacent floodplains, resulting from numerous exploitation interests. Approaches encompassing the entire catchment of water bodies across administrative boundaries and considering water and adjacent shores and floodplains as a social-ecologically linked systems are required to enhance mitigation and adaptation measures to counter global freshwater biodiversity loss. Specifically, there is a need to:

· Develop strategies to reduce industrial, municipal, and domestic effluents in aquatic ecosystems
· Develop and test environmentally and ecologically compatible hydropower schemes
· Assess the importance and services provided by novel ecosystems, such as fresh waters created or modified by humans, including reservoirs, residual lakes, dredging pools, or quarry ponds
· Analyze restoration measures based on replicated large-scale before-after-control-impact (BACI) designs, including post-monitoring phases for several years
· Develop models capturing IPBES scenarios, green infrastructure schemes, ecosystem-based management strategies
· Explore links and synergies among international conventions such as the Convention on Biological Diversity (CBD), UN Agenda 2030 or adaptation to climate to enhance the effectiveness of each of them

Socio-ecology
Analyses of perceptions, conflicts of interests, the acceptance of biodiversity, and other non-economic concepts are central aspects of biodiversity management that have received little consideration by ecologists to date. Effective and efficient biodiversity conservation can only be ensured if socio-economic objectives and actions are an integral part of the decision-making process. Thus, it is important to:

· Clarify and enhance the transparency of social motivations and norms, as well as the acceptance and perception of biodiversity
· Recognize and target conflicts among land and water use and biodiversity
· Develop methods to analyze, represent and show trade-offs of ecological, economic and societal needs
· Communicate with and develop participation of civil society, for example by implementing the ecosystem services concept or using charismatic species
· Develop citizen-science approaches, including a database on methods, training material, and experts
· Increase knowledge on effective methods for raising public awareness, using educational material, and establishing incentive systems
· Enhance competencies of stakeholders (e.g. recreational associations such as fishing clubs or water-sport associations)





Section 3 – Geographic expertise of the contributors grouped by continents and regions. Contributors were asked to identify themselves as experts for one, two or three geographic regions.

	Geographic expertise
	Contributors in percentage (%)

	Africa
	18

	     East Africa and adjacent islands
	7

	     Southern Africa
	5

	     Central Africa
	2

	     North Africa
	1

	     West Africa
	2

	America
	21

	     North America
	6

	     Central America
	4

	     Caribbean
	1

	     South America
	10

	Asia-Pacific
	23

	     South-East Asia
	7

	     North-East-Asia
	5

	     Western Asia
	2

	     South Asia
	1

	     Central Asia
	4

	     Oceania
	5

	Europe
	24

	     Central and Western Europe
	21

	     Eastern Europe
	3

	Global
	15



Section 4 – Fields of expertise of the contributors who were asked to identify themselves as experts in a single main field.

	Field of expertise
	Contributors in percentage (%)

	Biodiversity
	57

	Conservation
	20

	Ecosystem services
	8

	Management
	15



Section 5 – Expertise in organism groups or levels of biodiversity of the contributors who were asked to choose one, two, or three options.

	Expertise in organism groups or levels of biodiversity
	Contributors in percentage (%)

	Taxonomic group
	

	     Microbial Eukaryotes
	1

	     Bacteria
	1

	     Algae
	5

	     Macrophytes
	3

	     Invertebrates
	24

	     Vertebrates
	19

	Level of biodiversity
	

	     Genes
	2

	     Ecological functions
	18

	     Ecosystems
	28
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