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Though community-based scientific approaches are becoming more common, many scientific efforts are conducted by small groups of researchers that together develop a concept, analyze data, and interpret results that ultimately translate into a publication. Here, we present a community effort that breaks these traditional boundaries of the publication process by engaging the scientific community from initial hypothesis generation to final publication. We leverage community-generated data from the Worldwide Hydrobiogeochemistry Observation Network for Dynamic River Systems (WHONDRS) consortium to study organic matter composition through the lens of ecological theory. This community endeavor will use a suite of paired physical and chemical datasets collected from 97 river corridors across the globe. With our first step aimed at ideation, we engaged a community of scientists from over 20 countries and 60 institutions, spanning disciplines and career stages by holding a virtual workshop (April 2021). In the workshop, participants generated content for questions, hypotheses, and proposed analyses based on the WHONDRS dataset. These ideation efforts resulted in several narratives investigating different questions led by different teams, which will be the basis for research articles in a Frontiers in Water collection. Currently, the community is collectively analyzing, interpreting, and synthesizing these data that will result in six crowdsourced articles using a single, existing WHONDRS dataset. The use of a shared dataset across articles not only lowers barriers for broad participation by not requiring generation of new data, but also provides unique opportunities for emergent learning by connecting outcomes across studies. Here we will explain methods used to enable this community endeavor aimed to promote a greater diversity of thinking on river corridor biogeochemistry through crowdsourced science.
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INTRODUCTION

River corridors act as an important nutrient and carbon link between terrestrial and aquatic ecosystems and play a key role in global biogeochemical cycling (McClain et al., 2003). Substantial amounts of nutrients and carbon are processed within the sediment and water column components of river corridors, a majority of which is dissolved and complexed with other elements as organic matter (OM) (Findlay and Sinsabaugh, 1999). A key challenge to understanding and predicting river corridor hydrobiogeochemistry is that governing processes are variable across environmental conditions and are sensitive to anthropogenic disturbance (Powers et al., 2016; Gómez-Gener et al., 2020; Juhls et al., 2020; Maavara et al., 2020). Nonetheless, this is a challenge that needs to be addressed because disturbances to river corridors have the potential to alter sustainable energy production, agricultural yields, climate change mitigation strategies, and environmental and human health (Palmer et al., 2009). This highlights the need for a robust understanding of river corridor hydrobiogeochemistry in general and OM chemistry in particular across diverse environmental settings.

The OM pool comprises a complex mixture of organic molecules that are products and drivers of carbon and nutrient cycling in river corridors, thereby influencing water quality and rates of greenhouse gas production and evasion (Tranvik et al., 2009; Yamashita et al., 2011; Tanentzap et al., 2019). For heterotrophic microbes and numerous macroinvertebrate species, OM provides the energy needed to fuel metabolism and the raw materials for biomass production. Various biotic and abiotic processes influence the quantity and composition of OM during transport along the river corridor, playing an essential role in whole ecosystem metabolic processes. However, due, in part, to high OM molecular complexity (thousands or even millions of different molecules), the identification of isomeric structures of each molecule is still far from any instrumental capabilities. There exists no analytical method that can detect all OM components beyond bulk concentrations which contain no information on molecular composition. Further, there is limited understanding of how detailed properties of OM (e.g., thermodynamic traits, diversity of molecular formulae) vary across river corridors and how hydrobiogeochemical processes shape the patterns and distribution of OM. These limitations highlight the need for studies employing high-resolution OM chemistry techniques across large spatial extents and diverse environmental settings.

In river corridors, OM comes from multiple allochthonous sources including terrestrial vegetation, surface runoffs, groundwater discharge, sewage, and also internal primary production (Tank et al., 2010). The relative contributions of these sources vary substantially within and across stream networks, driven by local source distribution and environmental conditions (Mosher et al., 2015; Wang et al., 2019; Casas-Ruiz et al., 2020). Further, the interplay between biotic and abiotic processes influence the quantity and chemistry of OM in river corridors via microbial degradation and biotransformation (Riedel et al., 2016; Kamjunke et al., 2020; Fudyma et al., 2021), riparian root exudation (Wagner et al., 2014), sorption/desorption dynamics with mineral surfaces (Riedel et al., 2012, 2013), as well as photooxidation-driven transformations (Gao and Zepp, 1998; Gonsior et al., 2009; Berg et al., 2019; Wilske et al., 2020). This broad suite of roles, sources, and influential processes and their inter-linked relationships leads to complex mixtures of river corridor OM with a wide range of reactivity that varies through space and time and can have a profound influence on river corridor hydrobiogeochemistry.


Organic Matter Investigation Through an Ecology Lens Using Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

The complex and dynamic nature of river corridor OM makes it difficult to characterize, understand, and mechanistically link to biogeochemical functions. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS) is one ultra-high resolution approach, among others such as Orbitrap (Hawkes et al., 2016; Simon et al., 2018), that is increasingly used to study OM chemistry in the environment (Stegen et al., 2018; Danczak et al., 2020, 2021). With the highest resolving power and mass accuracy, molecular and compositional information can be obtained from FTICR-MS based on accurate mass without chromatographic separation or fragmentation. Its primary strength is the ability to differentiate (by mass) hundreds of thousands of low concentration organic molecules in environmental samples. FTICR-MS is therefore a powerful tool for untargeted characterization of OM, but it also has limitations (Cooper et al.). Specifically, FTICR-MS is semi-quantitative at best, because not all components of the OM mixture are quantitatively represented in the mass spectrum and there are unknown ionization efficiencies that vary across OM components. The technique also has a specific analytical window, where small molecules (e.g., glucose or molecules beneath 100/150 Da) can go undetected (Cooper et al.). Moreover, some studies have demonstrated limitations in extraction efficiencies and exclusion of semi-polar components (Kong et al., 2021).

Despite its limitations, FTICR-MS has a great potential to characterize OM and answer diverse questions concerning OM dynamics across multiple spatial and temporal scales. The untargeted OM composition data are particularly well-suited to answer questions formulated through an ecological lens due to conceptual parallels between OM assemblages and ecological communities (Danczak et al., 2020). In community ecology, the fundamental data take the form of a species-by-site matrix capable of describing the abundance (or presence/absence) of each biological species in each site and their distribution in a community. This simple matrix is used to address an incredible range of questions in community ecology and is often coupled to diverse metadata (e.g., environmental conditions, spatial relationships, time, and spatiotemporal scales, microbial composition and activity). Similarly, FTICR-MS data can be set up as a species-by-site matrix, but in this case “species” refers to a unique molecular mass observed in the mass spectrometer (Osterholz et al., 2016). Consequently, FTICR-MS data can help understand mechanistic implications of OM chemistry for biogeochemical functions by employing theoretical analysis analogous to ecological concepts concerning biological species. For example, ecological communities are assembled through a combination of organismal birth, death, and dispersal events. In comparison, recent investigations demonstrated that OM is assembled through conceptually analogous processes (Danczak et al., 2020, 2021). That is, OM is a collection of molecules that are assembled through molecular production (analogous to birth), transformation (analogous to death), and transport (analogous to dispersal). Therefore, the “community structure” of OM composition can likely be used to study the underlying hydrobiogeochemical processes regulating the OM assemblage. These conceptual parallels and congruent data structures provide a strong motivation to study OM chemistry by asking questions comparable to those pursued in community ecology.

The parallels between ecology and OM chemistry have been recognized and pursued for decades (Vannote et al., 1980; Sleighter and Hatcher, 2008; Hur et al., 2010; Sleighter et al., 2010; Kellerman et al., 2014; Medeiros et al., 2015; Seidel et al., 2015; Mentges et al., 2017; Valle et al., 2018, 2020; Zark and Dittmar, 2018; Roth et al., 2019; Tanentzap et al., 2019; Merder et al.), though the focus has been primarily on OM in river surface water with less attention to other parts of the river corridor. For example, the river continuum concept represents an early attempt to frame water column OM chemistry through an ecological lens (Vannote et al., 1980), positing that diversity of OM decreases moving down a stream network. There has been some direct support for this hypothesis (Mosher et al., 2015; Kamjunke et al., 2019), but additional work is needed to understand variability in OM diversity gradients. OM chemistry has also been viewed through the lens of functional trait diversity, which is a powerful approach often used in community ecology (McGill et al., 2006; Carmona et al., 2016). For example (Kida et al., 2021), used methods adapted from trait-based ecology Mentges et al. (2017) to reveal downstream gradients in functional trait diversity tied to OM elemental stoichiometries. OM functional traits also underlie the recent extension of community assembly theory to OM chemistry, revealing that more biochemically active compounds have a smaller amount of variance explained by stochasticity relative to biochemically inactive molecules (Danczak et al., 2020). Furthermore, OM chemogeography has been studied as an analog to biogeography (Danczak et al., 2020, 2021; Garayburu-Caruso et al., 2020). Such studies have found both consistency and divergence in OM molecular properties across globally distributed river corridors and this was recently extended to riverbed sediments, in which Garayburu-Caruso et al. (2020) revealed continental-scale shifts in molecular stoichiometries.

Given the numerous conceptual analogs between OM assemblages and ecological communities, here we described an ecologically inspired investigation of OM dynamics. Many applications of ecological topics applied to OM can be explored such as (i) spatial scaling of OM functional diversity, (ii) chemical similarities/differences between “core” molecules found in nearly all river corridors and “satellite” molecules that are rarely observed, (iii) the degree to which OM chemistry is related to co-located surface water and sediments, (iv) variation in the structure of biochemical transformation networks, (v) variation in the sources of observed organic molecules, and (vi) variation in the balance between deterministic and stochastic assembly processes. Below we describe an effort that aims to investigate each of these topics in detail across global watersheds.



This Effort: Crowdsourced Investigation of River Organic Matter Chemistry

To investigate these ecological topics in the context of river OM chemistry, OM data derived from global river surface water and sediments are being examined through an ecological lens using a crowdsourced approach (Uhlmann et al., 2019; Graham and Smith, 2020; Graham et al., 2021). Here we outline methods for data collection and interpretation currently being used to generate a collection of at least six crowdsourced manuscripts investigating river corridor OM using the dataset outlined in Garayburu-Caruso et al. (2020). This dataset was generated as a part of the Worldwide Hydrobiogeochemistry Observation Network for Dynamic River Systems (WHONDRS) (Stegen and Goldman, 2018) by researchers across the globe. A team centered at Pacific Northwest National Laboratory (PNNL) leads WHONDRS, which is a consortium of researchers using an Integrated, Coordinated, Open, and Networked (ICON) science (Goldman et al., 2021) approach to elucidate general principles underlying variation in hydrobiogeochemical function across diverse river corridors. WHONDRS is funded by the U.S. Department of Energy's Environmental System Science program, and it ascribes to the perspective that science advances more rapidly through open data policies, thus data generated by the community belongs to the community. Crowdsourced WHONDRS samples have enabled this collection, which leverages global capabilities from data collection to data interpretation and publication. This is a recipe for major scientific advancement while simultaneously pioneering a new way of doing science designed to benefit all those that choose to engage.

This crowdsourced collection was designed to use ICON principles (Stegen et al., 2019; Goldman et al., 2021) based on intentionally building research efforts that are Integrated across disciplines and scales, Coordinated through use of consistent protocols/methods, Open throughout the research lifecycle, and Networked across stakeholders to achieve mutual benefit (Goldman et al., 2021). For example, writing teams were encouraged to Integrate the FTICR-MS OM chemistry data with other contextual data types such as physical properties of landscapes and biological variables such as vegetation cover. The collection is also Coordinated through the use of a common dataset that all contributions use to ask scientific questions. This allows for “conceptual interoperability” in the sense that outcomes of each analysis can be combined together to draw out knowledge that may be more than the sum of the individual analyses. The collection is globally Open throughout the research lifecycle, using an open dataset (see WHONDRS 2019 dataset overview below) based on crowdsourced samples and allowing anyone interested to join or engage in the process (https://github.com/WHONDRS-Crowdsourced-Manuscript-Effort). The initial ideation workshop was globally open, and all manuscript teams are still open for contributions to conceptual directions, data analysis/interpretation, and manuscript development. In addition, the collection is open for the addition of more teams focused on additional scientific questions. Lastly, the collection is Networked to be mutually beneficial to all that choose to engage. This mutual benefit is achieved through multiple mechanisms for everyone's perspective/voice to be heard and encouraged. For example, if two divergent opinions emerge in the interpretation of certain analyses, both interpretations will be captured and discussed in the associated manuscript. In addition, open sharing of analysis outcomes can be used to mutually inform conceptual interpretations across studies to collectively elevate the scientific impact of all the manuscripts. Furthermore, there is increasing recognition of the need for efforts to accommodate and overcome accessibility challenges (e.g., providing closed captioning, transcripts, and/or translations of workshop discussions). Below we provide additional details on the crowdsourced methods used to employ a global sampling campaign of river corridors and engage the scientific community to develop several manuscripts surrounding the theme of river OM understood through the lens of ecologically inspired concepts and analyses.




METHODS


Crowdsourced Science Overview

Crowdsourced scientific approaches are becoming more common and have been shown to accelerate the progress of science and improve the quality of scientific research (Gilbert et al., 2014; Breuer et al., 2015; Kopf et al., 2015; Leeuw and Boss, 2018; Uhlmann et al., 2019; Graham and Smith, 2020; Landy et al., 2020). These approaches deviate from traditional vertical approaches where science is driven by small groups of specified researchers that together develop a concept, analyze data, and interpret results that ultimately translate into a publication (Uhlmann et al., 2019; Landy et al., 2020). Instead, crowdsourced approaches aim to maximize the use of available resources, democratize who contributes to science, enhance efficiency, and increase transparency by distributing tasks horizontally across large groups of unspecified researchers (Uhlmann et al., 2019). This alternative approach has proven to enable the execution of more ambitious projects that would not be possible under the standard model (Thompson et al., 2017; Goldman et al., 2021; Graham et al., 2021). Beyond collaboration with individuals outside of a particular institution or funded projects, crowdsourcing efforts attempt to maximize the benefit of multiple perspectives by recruiting contributors from across the globe to participate in research on a much larger scale, including participants from multiple institutions, countries, and disciplines.

Crowdsource efforts involve different components of the research process, including those that generate research questions and conceptual models, increase sample collection, or collectively analyze a dataset. For example, crowdsourcing offers a way to increase environmental sampling across the globe using consistent protocols to meet sampling needs that are unattainable by individuals or small teams working in isolation. This method was employed to sample Earth's microbiomes with huge success, collecting and generating microbiome data from more than 20,000 samples (Gilbert et al., 2014; Thompson et al., 2017). Crowdsourcing research in river corridors has also sampled environmental variables including stream flow, soil moisture, and water quality (Breuer et al., 2015; Castilla et al., 2015; Leeuw and Boss, 2018; Sermet et al., 2020). Crowdsourcing at the manuscript stage is less common, but recent efforts have shown that this too leads to impactful outcomes (Graham and Krause, 2020; Graham and Smith, 2020; Goldman et al., 2021; Graham et al., 2021). Here we describe a method that builds on these previous efforts and uses crowdsourced approaches throughout the entire research lifecycle.



WHONDRS Crowdsourced Sampling Campaign

In July and August 2019 (Figure 1), the WHONDRS consortium initiated an ICON-based study that aimed to Integrate physical, chemical, and biological properties of global river corridors. After initial conceptualization of the study, several Open discussions were held with the research community to collect feedback on the study design and initial sampling protocol to achieve an approach Coordinated with established methods; identify strengths and weaknesses; recruit samplers; and embody a Networked approach to identify changes that could make the dataset more valuable to individuals, the research community, and other stakeholders. The initial discussion occurred at a town hall during an American Geophysical Union (AGU) conference in December 2018. Follow-on discussions were recorded and uploaded to the WHONDRS YouTube channel (https://www.youtube.com/watch?v=z1AV5MVIWNc) to provide a continued venue for communication. The study approach was modified using the crowdsourced input to add or alter sample types, metadata collection, and analyses. WHONDRS built standardized kits to collect surface water and shallow hyporheic zone sediments. Sampling kits were sent to global researchers (at no cost to them) interested in collecting samples for the study. Garayburu-Caruso et al. (2020) provides details of the kits; briefly, kits included basic sampling equipment such as 0.2 μm filters for water and microbial collection and stainless steel scoops for sediments, along with detailed instructions for sampling, preservation, and return shipping to PNNL in Richland, WA. Samplers across 100 global sites aimed to collect samples within a 6-week period in summer 2019. Ultimately 97 sites were sampled across eight countries following detailed written and video protocols to ensure consistency in collection methods (Garayburu-Caruso et al., 2020; Goldman et al., 2020) (Figure 2).


[image: Figure 1]
FIGURE 1. Timeline of crowdsourced manuscript collection, with boxes detailing key phases of the manuscript process. Boxes are colored by past (blue), current (orange), and future (green) to highlight phases and corresponding deliverables that have been completed. To date, the initial workshop, topic paragraphs, and manuscript outlines have been completed with materials posted in the shared GitHub (https://github.com/WHONDRS-Crowdsourced-Manuscript-Effort/Overview). Currently, manuscript teams are analyzing and interpreting data using manuscript outlines as a guide. Next steps include manuscript writing and submission. New participants can join by engaging on the Frontiers manuscript collection page (https://www.frontiersin.org/research-topics/23353/crowdsourced-understanding-of-global-river-organic-matter-composition-through-the-lens-of-ecological) or by emailing WHONDRS@pnnl.gov.
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FIGURE 2. Experimental design overview for WHONDRS S19S including map and types of data available. (A) Points on map show sampling locations for the WHONDRS 2019 dataset. At each location, collaborators selected sampling sites within 100 m of a sensor station that measured river discharge, height, or pressure. (B) Stream diagram represents a single location. Within each sampling location, three depositional zones were identified for sediment collection and labeled as upstream, midstream, or downstream, and were situated within a single stream reach (~10–100 m). Surface water was sampled in triplicate prior to sediment sampling in the most downstream site. Surface water was collected only at the downstream site before collecting the sediments to make sure the water collected was not affected by sediment debris mobilized during water or sediment sampling at upstream locations. Sediments were collected from all three zones. FTICR-MS data were generated from both sediment and surface water and are the basis for this crowdsourced manuscript collection. (C,D) Intersection plots show data type inventory for surface water (C) and sediment (D) samples including the number of samples with overlapping data types (upper stacked bar charts) and total samples within each data type (solid bar charts).


The locations that were sampled were primarily based on where researchers were already working. One goal was to maximize the spatial and environmental extent sampled, but without systematically targeting specific locations. Existing research networks were leveraged where possible, such as the watershed testbed sites funded by the United States (US) Department of Energy and the National Ecological Observation Network funded by the US National Science Foundation. Additional sites were added by individual investigators, often using their existing field sites. Sites in the US were limited to those with existing permits or other access agreements held by the samplers. This requirement was needed to remain in compliance with federal law, but inherently decreased inclusiveness of the sampling campaign. In addition, sampling locations were limited to the Northern Hemisphere to maintain summer conditions that were near base flow across sites. Future efforts may consider alternative approaches that maximize inclusiveness (e.g., both hemispheres) and/or target extreme weather events (e.g., drought, flood) while being compliant with regulations.

Following collection, samples were shipped on a rolling basis as they were collected and processed immediately in the WHONDRS home laboratory at PNNL. A large laboratory team (10 individuals working simultaneously) was needed to efficiently process the kits. Samples were prepared for storage and later analysis or when possible, analyzed immediately. Certain sub-samples were shipped to collaborators who had volunteered to generate additional data types across the 97 sites. Data were published in two data packages on ESS-DIVE (Goldman et al., 2020), and the data packages have been updated with new data as it has become available. Certain data sets are still being processed (e.g., elemental composition of sediment minerals) and will be made public as they become available. The focal data type for this set of crowdsourced manuscripts is detailed characterization of dissolved (water) and water soluble (sediment) OM via FTICR-MS. Garayburu-Caruso et al. (2020), provides details of all protocols/methods, and the data are published on ESS-DIVE (see Data Availability Statement).



Crowdsourced Science Workshop

To initiate this crowdsourced effort, a virtual workshop was held in April 2021 to generate questions and hypotheses that could be evaluated using the WHONDRS FTICR-MS dataset. The science focus was on applying the ecological concept of core and satellite “species” to OM chemistry of global rivers, and the logistical focus was on how to best engage with participants in a crowdsourcing context. This event was advertised to people using multiple strategies that included email lists, twitter, posting on the ASLO blog (https://www.aslo.org/for-and-by-the-global-science-community/). The recruitment was successful, and we gathered more than 100 subscriptions to the project, including undergraduate, masters and PhD students, postdocs, researchers and professors from 67 institutions and 21 countries. During this workshop (April 30th, 2021), the leadership team provided information about the WHONDRS dataset to be used in the collection and how a crowdsource process works. Subsequently, workshop participants divided themselves into collaborative teams to brainstorm ideas for scientific questions, hypotheses, figures, and analyses; we also discussed how to optimize the use of the crowdsource approach.

The workshop was divided into two blocks: (1) generation of questions and hypotheses for applying the concept of core and satellite species to organic molecules and (2) brainstorm how to effectively use crowdsourcing to elevate a diverse set of voices. In the first block, participants were asked to develop questions, concepts, and hypotheses surrounding the core-satellite concept applied to OM chemistry by brainstorming individually, in small groups, and as a whole group. Subsequently, participants were asked to generate a specific conceptual figure that illustrated their question and hypothesis. Participants worked in shared Google jamboards to capture the workshop content generated. Similar to block 1, block 2 also used Google jamboards to capture content as well as asked participants to brainstorm individually, in small groups, and as a whole group. However, in this block, several topics surrounding the crowdsourced approach were posed including: (1) diversification of participation, (2) ensuring all voices are heard during the crowdsourcing process, (3) continuous engagement of participants, and (4) tracking progress. Participants were encouraged to pick a topic to focus on. All content generated in this workshop by way of Google jamboards has been made available on a shared github repository (https://github.com/WHONDRS-Crowdsourced-Manuscript-Effort).



Manuscript Collection

Following the workshop, the leadership team collated and organized the information contained in the Google jamboards into themes. Initially, the crowdsourced effort was aimed at the core-satellite concept applied to OM chemistry. The goal was to generate a single crowdsourced manuscript about the chemistry of core and satellite organic molecules. However, multiple scientific narratives emerged during the workshop that went beyond the core-satellite concept (see results below). In turn, the leadership team elected to pursue a manuscript collection to allow space for multiple manuscripts generated by different crowdsourced teams pursuing distinct questions.

Participants of the workshop and others that engaged with the effort through asynchronous communication were invited to join the crowdsourced collection by filling out a survey. Each individual filled out a survey indicating their interest in different topics, their ideal timeline for completing benchmarks, and whether they were willing to serve as a corresponding author or facilitator. Corresponding authors were tasked with leading the manuscript development, and facilitators were responsible for coordinating meetings and task completion. Individuals who were interested in corresponding author and facilitator roles based on their areas of interest were contacted by the leadership team to confirm their participation. In the process of identifying corresponding authors, we attempted to encourage a diverse group of individuals from varying career stages, job types, and personal demographics.




RESULTS AND DISCUSSION


WHONDRS 2019 Dataset Overview

Raw data are publicly available in two datasets on the U.S. DOE's data repository ESS-DIVE (https://data.ess-dive.lbl.gov/data): one for surface water, https://data.ess-dive.lbl.gov/view/doi: 10.15485/1603775 (Toyoda et al., 2020) and one for sediment, https://data.ess-dive.lbl.gov/view/doi: 10.15485/1729719 (Goldman et al., 2020). Processed data, including the presence and absence of formula per sample, can be found on the shared github repository (https://github.com/WHONDRS-Crowdsourced-Manuscript-Effort) in the Overview>Data folder. Both datasets include non-purgeable organic carbon (NPOC) and FTICR-MS. The surface water dataset includes anions, total nitrogen, specific conductance, and oxygen and hydrogen stable water isotopes. The sediment dataset includes site photographs and aerobic respiration calculated from laboratory incubations. Data that will be added to the datasets as it is generated and reviewed for quality include sediment bulk carbon-to-nitrogen, water and sediment microbial cell counts, sediment elemental composition, and hydrographs.



Scientific Outcomes of Crowdsourced Manuscript Workshop

The workshop began with discussions around the concept of core-satellite species and developed to span diverse questions and hypotheses all centered around ecological concepts applied to OM. Questions and hypotheses generated by workshop participants spanned topics such as understanding the origin of molecules, biochemical transformations, ecological assembly, species-area scaling, and molecular signatures of underlying processes. The crowdsourced collection is based on manuscripts pursuing each of these themes using the same dataset, which are expanded upon below.

The summary paragraphs (Topics 1–6) and associated figures (see below), which are meant to be a visual representation of the topic to be explored in each manuscript, were developed by crowdsourced participants including corresponding authors, facilitators, and group participants based on outcomes from the initial April 2021 workshop. Following the timeline in Figure 1, each group will create a specific list of questions and outline the sections, analyses, and figures for their manuscript. The leadership team will ensure papers are complementary and do not address overlapping questions. After detailed outlines are finished and have been reviewed by the leadership team, groups will continue to conduct analyses and produce draft manuscripts described below. Groups are working in shared google drive folders and documenting analyses on a communal Github repository (https://github.com/WHONDRS-Crowdsourced-Manuscript-Effort). We emphasize that the collection is not limited to these contributions; additional crowdsourced manuscripts that include analyses of the WHONDRS FTICR-MS dataset are strongly encouraged.


Topic 1 – Exploring Global River Corridor OM Chemistry Through the Ecological Concept of Core Satellite Species

In Summer 2019, the WHONDRS crowdsourced campaign collected surface water and sediment data from 97 rivers corridors. Here, we present the dissolved organic matter (DOM) composition of a wide range of riverine settings measured at ultra-high resolution (FTICR-MS) and discuss how riverine DOM assemblages—complex mixtures of substrates and metabolic products—are organized. To develop a transferable understanding of controls of DOM composition across sites and environments, we utilize the concept of core and satellite species, indicating coherences and similarities in substrates, dominant inputs or accumulated products. We explore various conventional and emergent definitions of core-satellite species and demonstrate their performance on riverine DOM classification. We discuss the patterns in terms of compound groups, lability, molecular size, and watershed characteristics for both surface water and sediments. We anticipate that this community-led effort will enhance our understanding of how organic matter is structured across global riverine systems and identify underlying factors that structure the riverine DOM composition. Figure 3 shows our approach for understanding core and satellite DOM features, where metabolites will be identified as core, satellite, or overlapping. These three pools will then be evaluated for molecular characteristics of interest.


[image: Figure 3]
FIGURE 3. Schematic overview of our approach to identify core (molecular formulae that are broadly distributed across our dataset) and satellite (molecular formulae with a sparser spatial distribution) dissolved organic matter (DOM) in surface water and sediment samples. Metabolites that are identified as core in one system (e.g., sediment) but classified as satellite in the other (e.g., surface water) or vice versa, will be evaluated separately as “overlap” metabolites. Once metabolites are classified into the three pools, we will compare the molecular characteristics among these groupings to evaluate their similarities and differences and discuss potential underlying causes for the observed patterns.




Topic 2 – Understanding the Sources of Organic Molecules in River Corridors

Understanding the origin of organic molecules across ecosystems remains challenging and requires data integration across a wide range of quantitative and qualitative measurements. To identify the patterns of organic matter composition related to its source, requires the analysis of large data sets (>100 s of samples) across vast spatial scales. Here we combine measurements of dissolved organic matter (DOM) composition in surface waters from 97 river corridors worldwide with a variety of hydrological and spatial catchment characteristics to answer the questions: “What molecular composition signatures are associated with different autochthonous and allochthonous sources of organic matter?” and “Under what ecological conditions are these sources active and/or hydrologically connected?” With this approach, we intend to identify both co-occurring event-based processes (e.g., the activation of different DOM sources, compound specific transport and transformation, biological degradation, photochemical degradation) that structure the molecular composition of DOM across large spatial scales and how that information can be used to predict the fate of organic molecules in an environment. Figure 4 shows one mechanism we will use to understand the origin of organic molecules (allochthonous vs. autochthonous sources) through the relation of hydrogen to carbon and oxygen to carbon ratios (H:C and O:C).


[image: Figure 4]
FIGURE 4. We will relate molecular traits, such as hydrogen to carbon and oxygen to carbon ratios (H:C and O:C), to classifications of the inferred origins of organic compounds, that is, allochthonous vs. autochthonous. These analyses will be informed by the physical, chemical, and biological characteristics of rivers and their catchments, such as the hydrological wetness index shown by the color ramp in this example analysis. Together, these approaches will test the hypothesis that autochthonous and allochthonous compounds have distinct molecular traits and their abundances across sites correlate with different environmental predictors.




Topic 3 – Biogeochemical Transformations of Organic Matter Along the River Continuum

Rivers are biogeochemical hotspots, but the environmental and biological factors that govern the transformation of organic matter (OM) flowing through them are still poorly constrained. The analysis of the data from the WHONDRS campaign will allow us to investigate broad continental-scale trends in OM composition and localized phenomena that influence biogeochemical transformations. Two different compartments, sediments and surface water, are analyzed to identify different responses in processes relevant to OM transformations, such as the methylation or oxidation of OM (Van Krevelen and Kendrick mass plots). By using dimensional reduction techniques, we have begun to identify how putative biogeochemical transformations vary across sediment and surface water. We have gained new insight on how spatial (latitude), physical (stream order, slope) and biogeochemical (respiration rates, dissolved organic carbon, anions) factors may influence the reactivity of the OM pool. Figure 5 shows one example how we will analyze watershed characteristics, such as stream order, relative to biogeochemical transformation data.


[image: Figure 5]
FIGURE 5. Relationships between stream order and the thermodynamic favorability of metabolic reactions involving Organic Matter (OM) pools. We aim to link watershed characteristics (e.g., stream order, geomorphology, and biological indicators) to biogeochemical reactivity of OM, using a combination of direct measurements (e.g., respiration rates, DOC, etc.) and OM pool compositional features derived from FT-IRCMS data.




Topic 4 – Examining the Ecological Processes Influencing the Assembly of Molecules into OM Assemblages

Dissolved organic matter (DOM) assemblages in freshwaters are formed from complex mixtures of compounds that are highly variable across time and space due to the environmental heterogeneity of river networks and contribution of diverse allochthonous and autochthonous OM sources. We propose that ecologically significant DOM assemblages can be extracted from a continental-scale dataset of fluvial FTICR-MS organic matter molecular characterization, nutrient levels, stable water isotopes (2H and 18O), and other physicochemical parameters. To identify assemblages and trends, we will apply artificial neural networks and machine learning on DOM samples collected across the continental US. Once DOM assemblages are identified we will use variation across space to investigate metabolomic processes in metacommunity ecology and community metabolomes. We will address questions about the origins of DOM assemblages in streams and rivers. Specifically, we will examine the relative importance of biotic vs. abiotic processes, watershed characteristics, coupled nutrient cycles, and sediment metabolism on DOM assemblage formation. We argue that this data-driven approach will reveal common continental-scale DOM assemblages and the metabolomic processes that generate these groups of compounds. Figure 6 shows how we aim to identify assemblages of organic molecules that comprise DOM and relate them to environmental features using artificial neural networks and other machine learning approaches.


[image: Figure 6]
FIGURE 6. Conceptual overview of Dissolved Organic Matter (DOM) cluster identification from water and sediment Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS) data with artificial neural networks (ANN) and other machine learning (ML) tools. We aim to identify the environmental drivers, reactivity and chemical characteristics of these DOM assemblages in surface water and sediment samples.




Topic 5 – A Unified Conceptual Model of Organic Matter Scaling in River Corridors

Complex and heterogeneous biogeochemical processes across landscapes introduce a fundamental problem to macro ecological theory—how to scale measured properties to maximize predictive abilities of state-of-the-art process models? Scaling frameworks can include both allometric (rarity scales with intensity) and environmental (rarity scales with the spatial area) scaling properties. To determine universal macroecological patterns associated with organic matter type and distribution, quantitative and qualitative scaling laws for prediction across biomes and latitudes are required. We examine relationships of commonness (as measured by richness and evenness) and rarity (dominance and rarity) using a continental-scale compilation of dissolved organic matter molecular formulae data generated by the WHONDRS Project. Specifically, we look at how commonness/rarity scales with hydrological scaling properties of catchments. We hypothesize that these rates are similar to environmental scaling properties found within each watershed and across latitudes, and that universal patterns exist across allometric and environmental scaling parameters. Taking advantage of the natural hierarchical scales of aggregation found in watershed river corridors across latitudes, we hypothesize that the rarity of molecules will be reduced as watersheds expand, and that solar radiation is a driving factor in rarity/abundance/diversity of compounds from persistent or seasonal degradation mechanisms. We also plan to examine the effects within compound classes (lignin, tannin, etc.) to assess how scaling laws may predict the relative abundance of formulae across chemical groups, mapping roughly onto ecological function across spatial scales. We ask the fundamental question: Are scaling laws universal such that molecular scaling laws show similar behavior and co-variability to spatial scaling laws? Figure 7 depicts our hypothesis for the scaling of OM metrics with watershed characteristics.


[image: Figure 7]
FIGURE 7. We hypothesize that when complex mixtures of compounds from sediment and stream water are decomposed into compounded classes, the direction and shape at which compound metrics (S, such as: rarity, dominance, compound evenness, and compound richness) scale with watershed characteristics (A, such as: area or stream branching complexity) will be modified. Further, exponents of scaling equations (i.e., z in the generalized scaling equation: S = cAz) should vary among compound classes revealing generalizable patterns that reflect common degradation patterns across global to regional scales including across latitudes, continents, and watersheds.




Topic 6 – Model-Driven Identification of OM Molecular Signatures Controlling Biogeochemical Transformation in River Corridors

Organic matter (OM) assemblages in surface water and sediment are determined by complex biogeochemical processes, including those governed by microbes, and thus highly variable in spatiotemporal spaces. This continental-scale, ultrahigh-resolution river metabolomic dataset provides an opportunity to investigate global trends of riverine OM characteristics (e.g., source, mobility, bioavailability, reactivity, parent vs. product compounds) through both data-driven and physics-based modeling. In particular, models applying thermodynamic theory will allow better synthesis and identification of key OM signatures (e.g., thermodynamic favorability, reaction energy efficiency) that control their biogeochemical transformation (e.g., oxidative respiration rate), and can help improve the representation of biogeochemical mechanisms in more integrated models such as reactive transport models. Further, when coupled with existing meta-data of climate, hydrology, geology, and ecology, OM thermodynamics will allow better predictions of biogeochemical and ecosystem dynamics under changing climate. Finally, through data-driven approaches like Sparse Identification of Non-linear Dynamics (SINDy), we will identify key compound sets that control OM thermodynamics and aerobic respiration rates. The results could be analyzed along with microbiome data to better understand microbe-metabolite interactions provided that microbiome data will be collected from the same locations in future investigations. Figure 8 highlights our model-driven approach to identify controls on biogeochemical transformations in river corridors.


[image: Figure 8]
FIGURE 8. Our model-driven approach employs a thermodynamics-based substrate-explicit “λ” model on ultra-high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) data of organic molecules to synthesize distributions of thermodynamic properties among samples that represent varying environmental conditions (first orange arrow). Molecular signatures of organic molecules are extracted from thermodynamic property distributions using an advanced data-driven sparse identification of non-linear dynamics (SINDy) framework (second orange arrow). Comparisons of the identified molecular signatures across spatial (surface vs. sediment, along stream orders), climatic (intermittent vs. perennial streams), and ecological (vegetation vs. bare) domains allow a better mechanistic understanding and prediction of organic matter biogeochemistry under a changing environment (third orange arrow). In the last sub-figure, colored dots represent condition-specific clusters of organic matter molecular signatures.





Feedback Gained From Workshop on Crowdsourcing Logistics and Recruitment

The second block of the workshop held in April focused on effective crowdsourcing strategies, with the intention of gaining feedback on how to ensure all voices are heard, keep participants engaged, and track progress. Feedback gained from the second block of the workshop guided how this manuscript collection has been managed, with key points outlined below.


Ensure All Voices Are Heard

Participants suggested that dividing people into smaller writing teams would allow inclusion of all perspectives and contributions. Following the workshop, which was originally meant to guide a single manuscript, we realized that the idea of smaller teams along with the number of topics that could be explored in this dataset would allow for several manuscripts which would focus on different aspects. As such, we opted to allow the group of crowdsource participants to self-select into topic teams that would contribute a manuscript to the collection. At present, these topic teams are small enough (~15 participants) that all voices can be heard and have influence over the scientific trajectory of each team's work.



Keep Participants Engaged

Participants asked for clear deadlines and semi-regular meetings to keep participants engaged. For deadlines, we had participants fill out surveys for the timeline they felt comfortable with for each task (e.g., generating an outline, finalizing analyses, first draft of manuscript). We then set deadlines outlined in Figure 1 based on the average of these time frames. Participants are regularly reminded of deadlines by the leadership team. Further the facilitator assigned to each topic team was tasked with keeping their team on schedule. In regard to semi-regular meetings, topic teams have been meeting regularly on their own schedule. Not only does having smaller groups of participants working toward a common goal enable all voices to be heard, but also enables flexibility with meeting schedules given the smaller number of schedule conflicts and time zones. In addition to individual team meetings, the leadership team is organizing additional workshops for all teams to participate in. The goal is to exchange ideas, summarize outcomes, identify any emergent science opportunities, and gather feedback on practical modifications needed to maximize the mutual benefit of this crowdsourced effort.



Track Progress

Based on feedback from participants, we have opted to keep the manuscripts publicly available. As such, topic teams are operating in google docs and open GitHub repositories. We also use these mechanisms to track progress through each of the deadlines, with key deliverables from each deadline posted in GitHub.




The Future of ICON Science

ICON-based science is designed to complement approaches that are based on relatively small teams that pursue their work without direct input or help from the broader science and stakeholder communities. The intentional use of these principles can help increase the utility of generated products (e.g., data, protocols) to those beyond the immediate research team (e.g., regional stakeholders). ICON principles can also be leveraged to address challenges requiring knowledge and data that span a diverse suite of systems while increasing access to scientific resources (e.g., instrumentation, collegial networks, data) for any researcher interested in engaging.

This crowdsourced collection is just one example of how to use ICON principles to bring researchers together to openly pursue mutually beneficial outcomes. There are other ways to use ICON principles in such collections and in primary research projects. Intentionally designing research efforts to use ICON principles can be challenging as it requires a significant amount of coordination, planning, and community engagement to ensure outcomes are beneficial across a diverse suite of stakeholders (e.g., local communities impacted by produced data) without being too focused on any one stakeholder.

The ICON Science Cooperative (https://icon-science.pnnl.gov) was launched to help the science community use and improve ICON science principles. The cooperative's mission is to “to enable researchers from all science domains to implement ICON science in a way that is mutually beneficial across a broad range of stakeholders, thereby accelerating the pursuit of transferable results and enhancing scientific equity.” The cooperative is set up to engage with researchers at any career stage and at any point during the research lifecycle, including in the development of proposals and/or in the modification of existing projects to increase the use of ICON principles. The cooperative can also host visiting scientists to enable mutual learning about how to best implement ICON science across diverse scientific settings. The cooperative aims to use these mechanisms of engagement to achieve its vision: A future world in which researchers across all of science study, improve, and use ICON principles. Future crowdsourced efforts (e.g., sampling, manuscript collections, etc.) can use the ICON Science Cooperative to facilitate their efforts.




CONCLUSION

Participation in this crowdsourced science effort remains open and we welcome scientists of all levels and disciplines who are excited about ecological principles, OM, and/or river corridor science to join. Participants can propose an additional manuscript that complements the science already being pursued in the collection by submitting an abstract to the collection. Participants can also join an existing team by selecting their topic of interest and begin engaging in the manuscript process by emailing WHONDRS@pnnl.gov. New team members can be added up until a given manuscript team has finalized their data analyses and moved into the interpretation stage. This limit is imposed to ensure substantial contributions from named authors on each manuscript. Overall, the effort aims to advance our understanding of OM chemistry in river corridors through crowdsourced methods that incorporate diverse perspectives and voices.

The efforts summarized above leverage the power of crowdsourcing to provide resources, opportunities, and knowledge to the scientific community. The conceptual directions of the contributed manuscripts are rich and are broader than they would be if only one pre-existing team analyzed the data and interpreted outcomes. We encourage all interested researchers to join one of the manuscript efforts summarized above and/or initiate an additional, complementary manuscript. Additional manuscripts will also analyze the WHONDRS dataset and follow a crowdsourced approach with an open invitation to the global science community to join. This effort will advance understanding of river corridor OM while helping to develop new ways of doing science based on the use of ICON principles. That is, we consider this collection a foundation to build from, not the final goal, and expect continued innovation in our understanding of OM and around what ICON principles are and how they are used across all of science.
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