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Free use and redistribution of data (i.e., Open Data) increases the reproducibility, transparency, and pace of aquatic sciences research. However, barriers to both data users and data providers may limit the adoption of Open Data practices. Here, we describe common Open Data challenges faced by data users and data providers within the aquatic sciences community (i.e., oceanography, limnology, hydrology, and others). These challenges were synthesized from literature, authors’ experiences, and a broad survey of 174 data users and data providers across academia, government agencies, industry, and other sectors. Through this work, we identified seven main challenges: 1) metadata shortcomings, 2) variable data quality and reusability, 3) open data inaccessibility, 4) lack of standardization, 5) authorship and acknowledgement issues 6) lack of funding, and 7) unequal barriers around the globe. Our key recommendation is to improve resources to advance Open Data practices. This includes dedicated funds for capacity building, hiring and maintaining of skilled personnel, and robust digital infrastructures for preparation, storage, and long-term maintenance of Open Data. Further, to incentivize data sharing we reinforce the need for standardized best practices to handle data acknowledgement and citations for both data users and data providers. We also highlight and discuss regional disparities in resources and research practices within a global perspective.
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1 INTRODUCTION
Open Science practices are gaining ground in many scientific disciplines, thereby increasing the transparency, reproducibility, and accessibility of scientific research (Ramachandran et al., 2021; Tedersoo et al., 2021). In particular, Open Data - the free use and redistribution of data - has been a focus of the Open Science movement, resulting in broader data availability, standardized data repositories, data management plans, and data publication requirements from both funders and journals (Michener, 2015; Wilkinson et al., 2016; Clark et al., 2021). To increase the utility and equity of Open Data, the FAIR (Wilkinson et al., 2016) and CARE (Carroll et al., 2020) principles provide frameworks for making data Findable, Accessible, Interoperable, and Reusable (FAIR), while being conscious of power structures and respectful of Indigenous data sovereignty (CARE). Still, while substantial progress has been made in the movement towards Open Data, challenges for both data users and data providers may limit our ability to leverage the full potential of Open Data.
Aquatic sciences deal with specific Open Data challenges. For instance, the disciplines that make up this field, such as oceanography, limnology, ecohydrology, and catchment hydrology, are intricately connected to each other through the water cycle. However, they focus on different spatial and temporal scales and often use different tools, leading to differing data standards and decreased interoperability among the various scientific disciplines. Aquatic sciences deal with diverse data types (e.g., genetic data, species abundances, high-frequency sensor data), data structures, and repositories in which data are stored (Reichman et al., 2011; Jennings et al., 2017), which hinders standardization. Furthermore, interaction with surrounding (non-aquatic) environments (e.g., watersheds, atmosphere) is inherent to this field and complicates data sharing standards, requiring further harmonization of datasets and data management practices.
In this perspective paper, we summarize current challenges in Open Data within the aquatic science community, through literature study, the authors’ own experiences, and the survey responses of 174 aquatic science researchers in academia, government agencies, industry, and other sectors. Throughout this work, we focused on two primary groups, which often encompass the same individual researchers: data providers (who provide data for a specific end) and data users (who use data as an input for further analysis). We propose ways to address these current challenges, and note that implementing changes will take time, cooperation, and flexibility. However, we believe that continuing to advance Open Data practices in the aquatic sciences will foster transparency, expand inclusivity, and lead to impactful and interdisciplinary research.
2 METHODS
To supplement the perspectives of the authors and existing published literature, we conducted a survey of data users and providers across various sectors in the aquatic sciences. Survey questions aimed to identify respondents’ challenges when dealing with Open Data, as well as the motivations and hurdles they face when implementing best practices in Open Data.
The survey was disseminated online via mailing lists, website posts, and newsletters to several widely known aquatic sciences communities (e.g., GLEON and CASS; for a full list of acronyms, see Supplementary Text S1). To reach a wider audience, it was additionally advertised on social media. The survey was conducted under approval from the Virginia Tech Institutional Review Board (IRB #23–611) and survey participants received a statement of informed consent that explained their rights as research subjects. We collected responses between 21 September and 17 October, 2023 and received 174 responses from the survey. The contacted networks, questions, and main outcomes of the survey are listed in the (Supplementary Text S2).
3 CHALLENGES OF OPEN DATA
Challenges to the adoption of Open Data practices span multiple scales, with common themes identified between data users and data providers (Figure 1). Below (sections 3.1–3.7), we describe seven primary challenges that emerged across our personal experiences, in published literature, and in survey responses from aquatic science practitioners. These challenges are ordered by whether they can be mitigated on the level of individual publications (i.e., during a review process), require a consensus of the larger research community, or need to be addressed by a change in overall research policy (Figure 1). Problems and solutions identified in each challenge cannot be entirely separated, as higher-level challenges (e.g., on research policy) can influence and help address lower-level issues (e.g., on publication).
[image: Figure 1]FIGURE 1 | Main challenges faced by the aquatic science community, placed in a range from publication to research policy and recommendations to promote open and inclusive science. Each challenge is described in section 3, and the numbers in the figure refer to the subsections.
3.1 Metadata shortcomings: Incompleteness and low interoperability
Both data users and providers cited issues with metadata as a hurdle to Open Data (Figure 2). Users might find data difficult to understand due to lack of standardized documentation and formatting, challenging data integration and analysis, and incomplete or unclear metadata (Reichman et al., 2011). Indeed, inadequately captured information in metadata is a significant barrier for data retrieval (Löffler et al., 2021). Moreover, considerable efforts are required to compile and analyze data, because they are spread over heterogeneous repositories with varying metadata standards (e.g., Vlah et al., 2023), and use different terminology and scales (Reichman et al., 2011).
[image: Figure 2]FIGURE 2 | Challenges faced by (A) data providers and (B) data users, as represented in survey responses from aquatic science researchers (n = 174 respondents).
Generating complete metadata can be challenging for researchers, especially without an internationally-accepted standard in the aquatic sciences, though there are initiatives to create metadata standards, e.g., the Ecological Metadata Language (Jones et al., 2019), the European AquaINFRA project (Otsu et al., 2024), or NFDI in Germany (Koepler et al., 2021). Survey respondents expressed that a lack of training and awareness of available resources contributed to poor metadata quality. Multiple respondents suggested that templates for standardized metadata, workflows, and instructions for uncommon file types would improve metadata and Open Data practices. Metadata standards for environmental sciences exist, such as the Content Standard for Digital Geospatial Metadata (CSDGM), and NetCDF Climate and Forecast (CF) metadata conventions (Mayernik, 2016). However, each metadata standard has its own structure and vocabulary, which may hinder broad adoption of these metadata schemes. Researchers have worked to develop software applications (e.g., Morpho by NCEAS; dmdScheme; Krug and Petchey, 2021) to help scientists develop complete metadata, but the scale of knowledge and use of such resources remain unclear. As requirements for Open Data from journals and funding bodies are becoming the norm, it may be necessary for professional societies or other organizations to adopt a metadata standard and subsequently provide resources for researchers to use that standard.
Other studies have found similar perceptions of the need for more training in metadata curation. Emery et al. (2021) surveyed biological and environmental science instructors about the presence of data science skills in undergraduate education and reported insufficient background in data skills of instructors and students, and a lack of space in the curriculum. Similarly, a survey distributed to scientific researchers across numerous disciplines found that only 27.6% of respondents reported that they received assistance in metadata creation, and only 25.5% of respondents from academic institutions were satisfied with available metadata tools (Tenopir et al., 2020). There is apparently a lack of training in data management, including metadata creation, across all career stages. This could be remedied by increased training via graduate courses or professional society workshops as well as the employment of data scientists to support research projects.
3.2 Variable data quality and reusability
Open Data requirements are increasing without a concomitant increase in time and resources. This leads to concerns about the quality of openly published data; while data repositories usually require strict formats, the submitted data often does not undergo a thorough peer-review process (Peer et al., 2014), especially if data submission occurs separate from article submission. Therefore, it is possible that funder and journal data requirements are met with a lower quality of data, or data that is difficult to use. Unclear descriptions, metadata, formatting, or usage instructions can inhibit the use of data, even if publicly available (see sections 3.1 and 3.3). Good data management is inherently valuable to data providers for data re-usage and should be considered an integral part of data collection. More knowledge and discussion on ensuring data quality is important, and it is an argument for increased funding.
3.3 Open data inaccessibility
Openly-available data do not always translate to immediate access and utility. Unequal access to repositories (e.g., due to restrictive user agreements or membership requirements) or information about their existence, further complicate access to data even when published. These barriers to data availability are especially problematic when combining multiple data sources. One survey respondent noted that “wrangling data from multiple public sources is often the biggest challenge”. Our survey results and previously published literature (Savage and Vickers, 2009; Tedersoo et al., 2021) highlight that data users regularly need to contact authors or data providers to use data, with varying success rates. Extra time to contact authors to request data followed by delays in replies can slow down or even discourage re-use of data sources.
Technical barriers, such as requirements for specific software, use of advanced file types, or lack of step-by-step guidelines, can reduce the usability of the Open Data even if accessible. Both data providers and users indicated that a lack of technical know-how was an occasional challenge when creating or using datasets (Figure 2). Some of these issues could be mediated by using open-source software and providing clear usage instructions, though more education in data handling may also be required.
3.4 Lack of standardization
Aquatic sciences deal with diverse environments (e.g., oceans and groundwater), data sources (e.g., laboratory and field data), scales (microscales to global circulations), and data types (e.g., genetic and chemical). Therefore, standardization can only be achieved to a moderate degree. Even when assessing similar data types, published data are often provided in widely variable formats and across a broad array of repositories. Should the aquatic sciences move toward harmonization and standardization of published data? Some respondents noted that harmonization among repositories may ease data publishing and re-use. For example, one respondent remarked that harmonized data submission systems would be helpful so that providers “do not need to study or read the instructions for each repository.” Given the challenges of utilizing data from multiple sources, several respondents argued in favor of consolidating data into larger, all-encompassing databases.
Despite the aforementioned diversity in data types, integration of aquatic ecosystems with surrounding environments and of different types of measurements within water bodies is fundamental within the aquatic sciences. As such, initiatives to standardize data or at least promote interoperability are ongoing within or involving the aquatic sciences. Some non-exhaustive examples are EOSC (https://open-science-cloud.ec.europa.eu/), ILTER (Mirtl et al., 2018), ISIMIP (e.g., Hempel et al., 2013), Macrosheds (Vlah et al., 2023), NFDI (https://www.nfdi.de/), and SBDI (https://biodiversitydata.se/).
While harmonizing and consolidating datasets could potentially make Open Data practices easier for data users and providers, these “mega-datasets” have the potential to exacerbate other challenges of Open Data. Other respondents raised concerns that easing data reuse decreases the frequency with which data users interact with data providers, which may increase misinterpretation of data. One survey respondent argued strongly that centralization efforts would not lead to collaborative research without users and providers first agreeing on the purpose of centralization. It is up for debate whether easing access to data would inherently encourage collaboration, exchange, and acknowledgement between data users and providers.
3.5 Authorship and acknowledgment issues
Despite both data users and providers acknowledging the value of Open Data, there is some disagreement on how the two groups should interact after data publication. Data providers pointed out that a lot of effort goes into creating high quality datasets, and some are consequently reluctant to share data openly. Instead, those survey respondents preferred direct contact with data users and occasionally expected inclusion in author lists. The main reasons cited for this stance were the use of data without proper citation or acknowledgement, improper use of data, and a need to be involved in publications for continued employment or career advancement. Indeed, data providers are regularly not or incorrectly cited (Kratz and Strasser, 2015), and survey respondents suggested standardized formats or guidance on how to use and cite shared data correctly.
It is sometimes unclear how to acknowledge contributors and publishers of data, which can lead to a lack of trust and engagement in the future. For example, one respondent noted that “the more accessible the data is, the less likely data requesters are to collaborate”. There is no standard on how to collaborate with data providers when using Open Data. Respondents commented “it should be standard practice to include data providers in the early stages of a study”, and “data ownership needs to be recognized”. On the other hand, some responses strongly advocated for sharing data “without any expectation in return”, arguing that data created from public resources should be available without limitations.
Guidance on how to acknowledge Open Data is often provided by the data providers themselves, suggesting a certain phrasing in the acknowledgement section or a publication/dataset to cite. It is also becoming common practice to attach persistent identifiers (e.g., Digital Object Identifiers, DOIs) to datasets and to include a license (e.g., Creative Commons). The DOIs guarantee a stable link to the data and ease citation (CODATA-ICSTI Task Group on Data Citation Standards and Practices, 2013; Damerow et al., 2021), while licenses formalize how the data can be reused and should be acknowledged. For groups that may not have explicitly written or standardized data usage protocols, such as indigenous communities or citizen scientists, additional care should be taken to ensure appropriate data quality, acknowledgement, and conduct (Bowser et al., 2020; Jennings et al., 2023).
If Open Data is to be the future of aquatic sciences, a consensus on acknowledgement must be reached. Such consensus should ideally cover all aspects of Open Science, including not only Open Data, but also open-source software. Working towards a common understanding and expectation for data sharing, use, and acknowledgment between data providers and users is vital to further support Open Data practices. Furthermore, proper acknowledgement of Open Data is instrumental in showing the benefit of monitoring programs, and thereby securing their funding.
3.6 Lack of funding
Collecting Open Data and assuring and maintaining their quality requires time, expertise, and funding. While data providers in the survey acknowledged the importance of making their data freely available and their willingness to do so, they also identified the lack of support from funders as a frequent challenge (50% of respondents; Figure 2A). Without financial or technical support, creating and maintaining Open Data products becomes overly burdensome and time-consuming for data providers. Proposed solutions from respondents included additional funds, compensation for the time it takes to prepare data for sharing, and hiring data scientists for support. Many other issues encountered during data creation (e.g., improving user-friendliness of data sharing interfaces, data maintenance) could also be partially resolved through additional funding. Lack of training in data curation, however, is a more systematic problem with the potential to be addressed through undergraduate education (Emery et al., 2021).
3.7 Unequal barriers around the globe
The majority of publications originate from the Global North (e.g., Dangles et al., 2022; Potter and Pearson, 2023) and it is therefore easy to overlook data issues in other parts of the world. While our survey indeed reached fewer participants outside North America and Europe (16%), it is important to acknowledge that certain issues scale with financial restrictions and a lower representation in scientific publishing. In the past decades, a barrier towards Open Science has been building in developing countries due to what is termed “parachute science”, where researchers from high-income countries collect and use data from low-income countries and publish their findings without engaging or acknowledging local researchers (Stefanoudis et al., 2021). While there are great benefits to making data openly available, Open Data practices may unintentionally reinforce this harmful conduct of data use without local engagement.
A lower availability of resources for research in developing countries is reflected in less data being collected and reduced publishing opportunities. Moreover, the scarcer funding opportunities are even less likely to cover long-term data maintenance, which is a common occurrence worldwide (Lindenmayer, 2018), and further compound Open Data issues in low income regions. Restricted resources underscore the need for universities and institutes to be acknowledged for data collection and sharing, so that the benefit of the investment is shown (see section 3.5). While calls for more data availability in the Global South are frequent (e.g., Chambers et al., 2017; Loch and Riechers, 2021; Kirschke et al., 2023) - for good scientific reasons - it may be that the current conditions of Open Data practices, such as challenges explained in the above sections, are actively withholding development in this direction. This reinforces the need to regulate data acknowledgement for both data users and providers, and it underlines the necessity of including data providers from low income countries in discussions about how to resolve this issue.
4 FINAL REMARKS
Open Data is an increasingly important topic in scientific communities and education (Ramachandran et al., 2021). Many researchers are convinced this is the way forward, where data collected by researchers becomes available for all (e.g., Powers and Hampton, 2019). Open Data has been shown to result in novel and timely studies in aquatic science studies (e.g., Hanson et al., 2016; Rose et al., 2016) and makes research more inclusive and transparent (Soranno et al., 2015; Hampton et al., 2015). However, the right conditions and possibilities for open publishing need to be fostered at a global scale.
Recommendations in the practice of Open Data within the aquatic sciences have been outlined here (Figure 1):
- Improve data usability (data accessibility and standardization, and metadata quality) to transform data products from a mere collection of numbers to FAIR data.
- Ensure data providers–particularly those working outside academia–are rewarded in a way that maintains open access to data, benefits both data users and providers, and is agreed upon by all parties.
- Increase funding to facilitate better Open Data practices, increase quality and reusability of Open Data, and avoid loss of data sources.
- Get a truly global representation of these issues and include data users and providers from low- and middle-income countries in discussions on how to move forward.
While impressive progress toward Open Data and Open Science has been made within the aquatic sciences in the past years, data users and providers still face challenges. Continued discussion and demonstration of the benefits of openly sharing data is paramount to ensure further improvement in the years to come.
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