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ABSTRACT

Recent emphasis and requirements for open data publication have led to significant increases in data availability in the Earth sciences, which is critical to long-tail
data integration. Currently, data are often published in a repository with an identifier and citation, similar to those for papers. Subsequent publications that use the
data are expected to provide a citation in the reference section of the paper. However, the format of the data citation is still evolving, particularly with regards to
citing dynamic data, subsets, and collections of data. Considering the motivations of both data producers and consumers, the most pressing need is to create user-
friendly solutions that provide credit for data producers and enable accurate citation of data, particularly integrated data. Providing easy-to-use data citations is a
critical foundation that is required to address the socio-technical challenges around data integration. Studies that integrate data from dozens or hundreds of datasets
must often include data citations in supplementary material due to page limits. However, citations in the supplementary material are not indexed, making it difficult
to track citations and thus giving credit to the data producer. In this paper, we discuss our experiences and the challenges we have encountered with current citation
guidance. We also review the relative merits of the currently available mechanisms designed to enable compact citation of collections of data, such as data col-
lections, data papers, and dynamic data citations. We consider these options for three data producer scenarios: a domain-specific data collection, a data repository,
and a large-scale, multidisciplinary project. We posit that a new mechanism is also needed to enable citation of multiple datasets and credit to data producers.

1. Introduction

Funders of Earth science projects and academic publishers increas-
ingly require scientists to publish data in an open-access data repository
(Cousijn et al., 2018; Data Citation Synthesis Group, 2014; Office of
Science, 2013; Stall et al., 2019). Many data repositories are available to
store the data, with varying levels of service for data quality review, and
guidance or helpful tools for data citation and tracking. These range
from general purpose repositories that accept all data to domain, proj-
ect, and/or sponsor specific repositories (Witt et al., 2019) that are
critical for data integration. Data supporting a published paper may
therefore be dispersed across multiple repositories that have different
practices for data citation and linking to related data. In particular,
citation approaches that address complexities of collections of data and
dynamic data, represent an active area of research (Parsons et al., 2019;
Silvello, 2018). Library, data, and information science communities
have largely driven the development of principles and approaches to
data citation (Parsons et al., 2019). However, more work is needed that
explores specific use cases and the needs of scientific data producers and
consumers to ensure a strong foundation for citation practice that is
necessary to support data integration.
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Many related organizations, standards, and best practices for citation
have been established and are evolving (Parsons et al., 2019). For
example, the DataCite organization maintains a preferred schema and
registration service for metadata required to obtain a Digital Object
Identifier (DOI) for data (DataCite Metadata Working Group, 2019) and
best practices for data citations. The Research Data Alliance (RDA;
https://www.rd-alliance.org/) working groups are developing recom-
mendations for data citation, versioning, and collection standards
(Rauber et al., 2016a, 2016b; Weigel et al., 2017). More recently, the
Google dataset search has expanded opportunities to search for and
access data, using JSON-LD as the required metadata (https://datasets
earch.research.google.com/). The ESIP Data Preservation and Stew-
ardship Committee 2019 guidelines also lay out citation recommenda-
tions (ESIP Data Preservation and Stewardship Committee, 2019).

There is a growing movement to make data Findable, Accessible,
Interoperable, and Reusable (FAIR) (Gries et al., 2019; Stall et al., 2019;
Wilkinson et al., 2016, 2019). The key to supporting FAIR data princi-
ples and providing the ability to automatically find and using data is
having a unique identifier, typically a DOI, for published data that data
consumers can cite and an accurate citation text that enhances the
machine readability (Wilkinson et al., 2016). Many organizations are
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now working to make data FAIR and to define more precisely what that
means, including FORCE11 (http://forcell.org/), GO FAIR (https
://www.go-fair.org/), and FAIRSFAIR (https://www.fairsfair.eu/). In
addition, efforts are under way to assess a repository’s adherence to
Transparency, Responsibility, User Focus, Sustainability, and Technol-
ogy (TRUST) principles (Lin et al., 2020). The Core Trust Seal has a
certification that repositories can obtain to become Core Trustworthy
Data Repositories (https://www.coretrustseal.org/). As expected in an
evolving system, the adoption of emerging standards and best practices
is lagging and citation practices in published scientific articles remains
highly variable (Escribano et al., 2018; Khan et al., 2020).

The practice of data publication to date had been modeled using the
paper publication processes as a guide (Borgman, 2016; Silvello, 2018).
Data producers are typically also the authors of the data publication and
make decisions on how to package the data using a variety of consid-
erations, including: order of authors who need to be included, theme of
the data, time range of the data, type of data, expected usage needs,
project goals, sponsoring organization, and/or scale of the data. Once
the data have been submitted to a repository with appropriate metadata
describing the data, they are ideally reviewed by the repository and
published (e.g., Kakalia et al., 2019; O’Brien et al., 2016). Typically, the
repository assigns a DOI to each published dataset and provides an
automated citation using DOI schema metadata fields (e.g., authors,
title, publication year, publisher) (Fenner et al, 2019). Another
important component of the data publication process is specification of
data usage rights/license by the authors. In this paper, we will refer to a
published dataset as a data package. A data package contains one or more
data files and the associated metadata needed to find, interpret, and use
the data.

Although data publication has many similarities to paper and soft-
ware publication, important differences must be considered in future
development of data publication systems (Borgman, 2016; Silvello,
2018). In this paper, we consider the perspectives of data producers and
consumers serving multidisciplinary Earth and environmental science
projects that focus on generating data, using data, and/or operating data
services. In particular, we discuss the citation challenges encountered
when integrating data from a large number of data packages as well as
some of the emerging solutions.

2. Example earth science data producers and consumers

We present a perspective informed by working closely over many
years with several US Department of Energy (DOE) projects, including
the Environmental Systems Science Data Infrastructure for a Virtual
Ecosystem (ESS-DIVE) data repository (Varadharajan et al., 2018; https:
//ess-dive.lbl.gov/), the AmeriFlux carbon flux network (Novick et al.,
2018), the Watershed Function Science Focus Area (WFSFA; http://wate
rshed.lbl.gov) (Varadharajan et al., 2019), and Next Generation
Ecosystem Experiments - Tropics (NGEE-Tropics; https://ngee-tropics.
Ibl.gov/). These projects range from data synthesis studies to collabo-
rations that generate data products using workflows, tools, and re-
sources for data management. Our experiences also capture hosting
domain specific repositories and a general purpose data repository.

2.1. ESS-DIVE

The ESS-DIVE repository stores data from research funded by the
DOE’s Biological and Environmental Research (BER) Environmental
Systems Science (ESS) program. The ESS-DIVE data repository provides
long-term data storage and access, and is working toward supporting
FAIR data principles (Varadharajan et al., 2018). Each data package has
a DOI either assigned or obtained by the data producer before it is stored
in ESS-DIVE. There are important features in development in ESS-DIVE -
project portals and the Fusion Database. Project portals are a feature,
allowing a set of data packages to be grouped together with explanatory
web pages and data search/access on that set. The Fusion Database
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enables advanced search of data across the data packages in ESS-DIVE
and retrieval of the specific data found through the user’s search
query. The projects listed below are funded under the ESS program, and
are required to submit data to ESS-DIVE for long-term stewardship.

2.2. AmeriFlux

The AmeriFlux network is a collection of independently-managed
carbon flux measurement sites in the Americas. Participating Ameri-
Flux sites have been collecting data for one to over 28 years. Team
members at each site typically change every one to five years with the
principal scientists changing at a much lower frequency. There are
currently 374 AmeriFlux sites with data published through the Ameri-
Flux central data system (https://ameriflux.lbl.gov/). The AmeriFlux
data system provides access to over 2400 site years of data from 10
countries. Each AmeriFlux site’s data product is assigned a DOI and is
made available for download from the central data server under the
AmeriFlux data usage policy that requires contacting the site’s principal
scientists and citing the data used, as well as offering the potential for co-
authorship to the site team members. The data produced by a site
include 40-120 time series and 10s - 1000s of sporadically-measured
data. The data are updated at the central system regularly by the sites.
An update will typically add new data and may also include corrections
to prior data. Since 2015, there have been over 17,000 downloads of
AmeriFlux data packages by over 3000 unique data consumers, and the
data have contributed to over 950 published papers in the last five years.
These papers range from studies of a small number of sites to large scale
data analyses using all sites in the network. Example uses by consumers
of the AmeriFlux data include: calibration of regional and global climate
models, carbon dynamics analyses, and disturbance impact. AmeriFlux
is also part of a global network of networks where we combine the data
from across the regional networks into a global dataset called FLUXNET
(https://fluxnet.org/).

2.3. WFSFA

The WFSFA project has over 70 researchers and 30 affiliated projects
studying the East River watershed in the Upper Colorado River Basin to
quantify the long-term impact of perturbations such as drought and
early snowmelt on water availability and quality (Hubbard et al., 2018).
The project has many teams studying different aspects of the watershed,
such as bedrock-soil-plant-microbiome interactions in the hillslope and
meander-river interfaces in the floodplain. In the first five years, the
project teams generated over 96 data packages in its repository. Some of
these packages are continually updated, long-term multivariate datasets
spanning multiple years of data collections, while some are smaller and
associated with field campaigns or publications (Kakalia et al., 2020).
Affiliated projects are typically funded independently and may have
data in other repositories. Thus, research publications from the project
may utilize data from across multiple institutions and data repositories.
The WFSFA data are made available for public use and issued a DOI,
through publication to the ESS-DIVE data repository under a Creative
Commons By Attribution Version 4.0 (CC BY 4.0; https://creativeco
mmons.org/licenses/by/4.0/) usage policy. Example uses by con-
sumers of the WFSFA data include: study of watershed dynamics,
analysis of nutrient dynamics of microbial populations, and calibration
of vegetation models.

2.4. NGEE-Tropics

The NGEE-Tropics project has an international research team with
over 120 researchers from institutes including: US National Labora-
tories, the Smithsonian Tropical Research Institute, the U.S. Forest
Service, and many institutions in the Tropics. Together, the team is
modeling how the carbon cycle of tropical forests will respond to rising
CO2 concentrations and a changing climate. The data span
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ecohydrological measurements like leaf temperature, sap-flux mea-
surements, soil moisture, tree demography and mortality. The data
packages for the project are first curated in a project data server and then
transferred to the ESS-DIVE repository where they will be published for
public use under the CC BY 4.0 usage license. Over the first five years,
the project generated over 123 data packages. Example uses by con-
sumers of the NGEE-Tropics data include: tropical forest succession
dynamics, climate forcings in tropical regions, and human impacts on
tropical forests.

3. Socio-technical challenges of data citations

The data in a data package from any of the projects mentioned above
is the result of a significant scientific endeavor requiring time spent
planning, collecting, cleaning, processing, and managing the data. Many
people are often involved in collecting the data, typically over many
years, enabling numerous future scientific publications by the team
collecting data. The extent of an individual data package is generally
determined by a combination of the data time period, spatial extent,
authorship, and expected data usage. The decision regarding which data
to include in a particular data package is usually made by the data
producers. The time and effort required to make these decisions and
prepare the data and metadata for the data package is usually significant
and easy to under-estimate.

Publishing the data and making it publicly available in a repository
before the authors have completed their associated publications comes
with a perceived risk (Tenopir et al., 2015). Longitudinal surveys of
researchers have found that the top concern for open sharing of data has
been potential misuse of data, such as misinterpretation (Fane et al.,
2019; Borrelli et al., 2020). Ideally, the rewards of publishing data will
outweigh the risks. Current incentives that motivate researchers to
publish data include meeting funding or journal requirements, getting
proper credit for sharing data, and expanded use of data that contributes
to advancing scientific outcomes (Piwowar and Vision, 2013; Fane et al.,
2019; Borrelli et al., 2020).

If publishing a data package yielded equivalent or greater credit and
prestige to publishing a paper, this would also incentivize early data
publication. Subsequent citations and download metrics can be one way
to demonstrate the scientific value of a data package (e.g. Mooney and
Newton, 2012; Belter, 2014; Fenner et al., 2018). Such practices are
being developed in the community, e.g., the COUNTER Code of Practice
for Research Data has developed standard usage metrics as an important
measure of impact for data (https://www.projectcounter.org/code-of-p
ractice-five-sections/abstract/; Fenner et al., 2018). However, many
scientists prioritize citation of one of their own papers describing the
data over the data citation. This makes it difficult for the paper reader to
find the original data. We need mandatory linkages between the data
package and any associated paper(s), enforced across journals and re-
positories, where citation metrics for data and the associated papers are
also explicit and linked.

A challenge in promoting data citation as an incentive for making
data public is that many authors neglect to cite data sources in the ref-
erences section of a paper (Ball-Damerow et al., 2019; Escribano et al.,
2018; Mooney and Newton, 2012), and it is unfortunately difficult to
obtain accurate data citation metrics as citation search today requires
elaborate infrastructure and subscription fees to search all the possible
sources. (Cook et al., 2016; Cousijn et al., 2019; Parsons et al., 2019).
Scientific funders, journals, and data publishers must better support and
incentivize researchers to create FAIR data packages, and contribute to
improvements in data use and citation metrics that portray meaningful
measures of impact (Nosek et al., 2015).

Another incentive to publish data is the scenario where collaborators
share authorship of both data and associated journal publications
resulting from data use. Co-authorship on subsequent publications is
recommended in cases where the specific data is integral to the final
paper (Duke and Porter, 2013). In the past, the only way to find data was
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through a personal connection to the data producers (Wallis et al.,
2013). These connections often led to collaborations and co-authorship
offers. However, broadly accessible data has led to more opportunities
for scientific analyses that integrate diverse datasets from across a region
or globally. In these cases, only a citation of the data (and associated
papers) on which the resulting publication relies is expected (Duke and
Porter, 2013; Kratz and Strasser, 2015).

As data consumers, some of our project scientists integrate and use
data from other government agencies that generate large-scale datasets
from sensors and satellites that only require a single citation or
acknowledgement (e.g. United States Geological Survey National Water
Information System: https://help.waterdata.usgs.gov/faq/miscellane
ous/how-to-cite-usgs-water-data-for-the-nation-waterdata.usgs.gov-in-
a-publication, NOAA National Climate Data Center: https://www.ncdc.
noaa.gov/, National Ecological Observation Network: https://data.
neonscience.org/, and NASA: https://lpdaac.usgs.gov/data/data-citat
ion-and-policies/). Data consumers accustomed to citing these large
agency datasets prefer to avoid using data that require multiple citations
or other time-consuming usage terms such as data producer notification.
For example, in our experience most data consumers prefer that offering
co-authorship to data producers be optional. The FLUXNET data
(https://fluxnet.org/) which include AmeriFlux data have often been
released with sites divided between two usage policies, one with a
requirement for co-authorship opportunity and one without. Over time,
our experience indicates that the number of downloads of datasets from
sites without the co-authorship requirement has been roughly double
those requiring co-authorship opportunities.

Projects like AmeriFlux, WFSFA, and NGEE-Tropics each have many
different teams working in the field and producing large numbers of
high-quality, multi-disciplinary data packages. Integrating these
together as one product can only be achieved if the data usage policies
are compatible and the data producers can receive appropriate credit for
their data. For example, when individual network datasets are included
in the FLUXNET dataset they will be released under a FLUXNET data
usage policy, the agreed data usage policy is a factor determining which
regional datasets will be able to be included. When the FLUXNET data
usage policy is incompatible with the network policy, often data can’t be
included. In cases where the data are considered high-value the data
producers are reluctant to lose the direct credit to their data. In addition,
new data versions are uploaded regularly due to collection of new data,
new calibrations, and/or corrections. In our experience, the data pro-
ducer would also like the version of the data to be tracked and indicated
in the citation.

ESS-DIVE illustrates the socio-technical challenges that arise be-
tween data producers and data consumers. The data producers from
DOE ESS-funded projects are explicitly required to store their data in the
repository. When a data producer makes changes to a data package, they
can decide whether this change creates a new data package or is a new
version. However, it is often difficult for the data producer to make that
decision without sufficient knowledge of the impact of the changes on
the data consumer(s). On the other hand, the primary motivation of a
data consumer is to find and use the data to address a science challenge.
They would prefer to be oblivious to individual data packages and
instead search for and download precisely the data needed to answer the
question as will be provided in the ESS-DIVE Fusion Database. They
would also like to cite the data they used in developing a paper but need
an easy way to do it, such as automatically generated citations.

4. Data citation

A citation for data used is now generally recognized by data re-
positories and data producers as the most appropriate means of refer-
encing data used in a paper. Surveys of researchers have shown that a
full data citation within a research paper is one of the strongest moti-
vators for sharing data, along with increasing the impact and visibility of
their work and public benefit (Borrelli et al., 2020; Fane et al., 2019),
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This highlights the need for the citation format and the ability to count
citations of data packages. One way that data repositories can help is to
provide easy-to-use data citations for downloaded data. Another way
would be for paper publishers to make data citations in papers easy to
search and collect statistics on.

Metadata fields to describe a data package (e.g. authors, title, pub-
lisher, keywords, spatial and temporal extent) are used to generate the
citation and are important for data search and making data FAIR. The
format of a dataset citation is relatively well defined (DataCite Metadata
Working Group, 2019; ESIP Data Preservation and Stewardship Com-
mittee, 2019), but the ways to complete some of the metadata fields that
contribute to the citation are still evolving. These fields can also impact
the recommendations for citations for integrated data.

The publisher field is defined by DataCite as “The name of the entity
that holds, archives, publishes, prints, distributes, releases, issues, or
produces the resource” (DataCite Metadata Working Group, 2019). The
ESIP repository field has a similar definition (ESIP Data Preservation and
Stewardship Committee, 2019). Both the DataCite and ESIP guidelines
recognize that entities other than the repository might be appropriate
for this field, but when multiple entities perform the functions listed or
when relocating the data to a different repository, the guidance is less
clear. The publisher/repository field might contain any of the following:
the repository where the data was first published; the entity that curated
and prepared the data; the institution/agency/project that produced the
data; or the repository where the data are currently available. In ESS-
DIVE, the project that processed, curated, and packaged the data such
as WFSFA or NGEE-Tropics is the publisher. These projects are also more
likely than the repository to be used as a search term to find the data. We
think of the data package as the long-term entity and the data repository
as where the data packages are held currently. It is our expectation that
data repositories come and go over the years.

The guidelines on including the data version in the citation also
continues to evolve. The 2019 ESIP data citation guidelines now specify
to add data version to the citation (ESIP Data Preservation and Stew-
ardship Committee, 2019). The version field allows specification of the
version of data cited without requiring a new DOI and is the approach
we take. Versioning enables reproducibility without requiring a new
DOI for each version and enabling easier tracking of citations of the data.
Data that are frequently updated, such as continuous sensor streams, can
still be challenging to version if the data are updated frequently (e.g.
daily or hourly). In these cases, the date of the last update can be used to
indicate the version. Including the correct citation with each download
helps the data consumer to cite the correct version. Providing methods
for retrieving past versions of the data also aids in reproducibility.

5. Collective data citation

As data becomes more accessible, data consumers are able to
incorporate data from many data packages into an analysis. However,
when a large number of data packages have been used, properly citing
the data in the reference section without going over page limits can be
difficult. For example, a paper based on the data from all the AmeriFlux
sites, all of the NGEE-Tropics data packages, or all of the WFSFA data
packages would need to include 350, 70, and 96 citations, respectively,
in the references section. This large number of required citations often
leads to the citations for the data being provided in the supplementary
materials, within data/metadata files, or as a table of identifiers. In all of
these cases, it is difficult to programmatically find the citation of the
data and thus is unlikely to be counted in the data’s citation metrics. A
solution to this challenge would be to provide a single citation that can
represent the many underlying data citations. There are three primary
options for enabling this approach that have been recommended to date.
We discuss the advantages and disadvantages of these options in the
context of the four example Earth science projects.
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5.1. Data collections

Several groups have developed recommendations for metadata and
tools to support collections of digital objects on the web, such as OAI-
ORE (https://www.openarchives.org/ore/), BagIT (https://tools.ietf.
org/html/draft-kunze-bagit-08), Portland Data Model (https://github.
com/duraspace/pcdm), ESIP Data Citation Guidelines for Earth Sci-
ence Data (ESIP Data Preservation and Stewardship Committee, 2019),
and most relevant to data collections in repositories is the RDA
Recommendation on Research Data Collections (Weigel et al., 2017). A
data collection consists of a persistent identifier (typically a DOI) for the
collection, metadata describing the collection, and clear linkages to all
datasets included in the collection; each member dataset has its own DOI
and specific relationship to the collection that is tracked by the re-
pository (e.g. “hasPart”/“isPartOf” from DataCite relation types). Data
collections have been used to aggregate data products into larger
groupings that can include datasets, other data collections, papers or
other digital objects that may or may not be stored in the same re-
pository. An advantage of data collections is that they can be used to
group data into a thematic set to help data consumers to find and
download related data packages easily.

Most data repositories do not have tools that explicitly allow users to
create their own data collections. However, the basic metadata
describing a data collection is similar to that of data packages and
include authors, title, description/abstract, date created and published,
and data access license. The related references/identifiers metadata field
can allow the specification of all datasets included in the collection
(DataCite Metadata Working Group, 2019); metadata describing each
dataset’s role in the collection could provide additional useful context
for the collection (Weigel et al., 2017; ESIP Data Preservation and
Stewardship Committee, 2019). We could use the existing data package
submission interface to create collections, with the addition of specific
related identifiers for datasets included and associated roles of each
dataset in the collection. Or, the ESS-DIVE Project Portals could be
turned into a more user-friendly interface to create data collections for
data within the repository, if the required structured metadata were
incorporated into the portals and a DOI was assigned.

The potential advantages of data collections are 1) relatively easy
creation (for the repository and users) of a citation representing dozens
of datasets that are linked by a theme, project, etc. 2) components of the
data collection can easily come from other repositories, and 3) data
collection producers and repositories can control exactly what data are
grouped together into a data collection, without constraints of re-
pository query capabilities. Creating a collection allows authors to
provide useful groupings and contextualization for data, with descrip-
tive metadata and links to the underlying datasets. For instance, the
WEFSFA project could build data collections using ESS-DIVE with all of
the groundwater level data from the East River study site into one
collection and the meteorology data into another, or they could build an
updated data collection each year of all the data available from the
project. The resulting citation for the data collection can then be used to
cite all of the resources in the collection.

The most significant challenge in implementing data collections is
ensuring that the datasets included in a collection receive appropriate
credit for papers citing the collection (primary rather than secondary
citations). Ideally, paper(s) citing the collection should also propagate to
the citation counts of underlying datasets. There is little or no support
for data collection creation and usage in the current data repository and
publisher infrastructure. Other challenges involve deciding authorship
for a data collection (the collection creators, the authors of the under-
lying datasets, both, or nobody), and ensuring that usage licenses of
underlying datasets allow that they be compiled into a collection (e.g.
compliance with dataset attribution requirements). Potential solutions
to the issue of collection authorship may include implementing the
CRediT (https://casrai.org/credit/) roles for authors involved in
compiling the data collection. Another drawback of a data collection is


https://www.openarchives.org/ore/
https://tools.ietf.org/html/draft-kunze-bagit-08
https://tools.ietf.org/html/draft-kunze-bagit-08
https://github.com/duraspace/pcdm
https://github.com/duraspace/pcdm
https://casrai.org/credit/

D.A. Agarwal et al.

that a citation of a data collection does not convey information about
specific subsets of the data used.

5.2. Data papers

Data papers are an emerging method of increasing the prestige and
usability of a data package or set of data packages through the peer
review process (Costello et al., 2013; Kratz and Strasser, 2015). A data
paper usually provides information about a dataset (consisting of one or
more data packages). The data paper can provide context and in-depth
discussion regarding the data, including how and why they were
collected, processed, and analyzed. It also typically provides details
regarding formats, measurement method limitations, and other infor-
mation needed to understand the data. A data paper can also provide
overview statistics and plots describing the data. Some journals have
requirements that can improve or hinder publication of data via the data
paper approach. An example of a requirement for Nature’s Scientific
Data is that the data paper accompanies publication of new data (not
previously widely available to consumers). Another typical requirement
is that the data be publicly available without restrictions in an open data
repository (e.g. CC BY 4.0). The data paper is not automatically a cita-
tion for the data that it covers. However, at the discretion of the data
paper’s authors and the data package publishers, the citation of the data
paper can be used as a citation for the data. However, citation guidance
generally advocates citing both the data paper and the underlying data.

A major advantage of a data paper is that the publication generally
increases the prestige and visibility of the data, so authors of the member
datasets do not care if the underlying datasets receive citation credit. An
example of a recent data paper that was used as the citation for multiple
data packages is the FLUXNET2015 paper published in 2020 (Pastorello
et al., 2020). In this case, the data paper describes the FLUXNET2015
version of data from global carbon flux sites (including AmeriFlux sites).
The development of this paper required on the order of eight months, a
change of data usage policy to CC BY 4.0, and collection of significant
additional data to meet the requirement that the data be different from
what was previously available. Another example is a data paper
describing the data collected by the WFSFA and collaborating in-
stitutions in the East River (Kakalia et al., 2020). The paper lists and cites
more than 60 datasets spread across six repositories (including ESS-
DIVE) and provides an integrated view of the diversity of data
collected across various investigators. A conclusion that we drew from
our experiences with these papers is that data papers are an excellent
means of providing a reference and/or additional information for a
collection of data packages that are ‘final’ and not expected to change. A
data paper is also more likely to result in appropriate credit for authors,
and accurate citation metrics.

One of the downsides of a data paper is that it is a static view of the
data. This raises problems for any effort that involves continuous data
collection such as Ameriflux or WFSFA. For example, the data paper for
the East River will become quickly outdated because new data is
continuing to be published after the paper was submitted. In addition,
the methods used to collect and process the AmeriFlux and WFSFA data
are not usually changing significantly year to year, and thus the newness
requirement of some journals would be hard to satisfy.

5.3. Scalable dynamic data citations

Repositories that enable a search and custom download of data (i.e.,
a download matching a query), particularly on continually growing and
changing data, needs to provide a citation for the specific data that were
downloaded. The RDA Dynamic Data Citation Working Group recom-
mends using a ‘Dynamic Data Citation” (Rauber et al., 2016a), which
creates a citation for the query and timestamp enabling the same data
and version to be retrieved in the future. A unique identifier, usually a
DO, is assigned as well as a landing page with the query and timestamp
that resolves to a list of the data packages, including their version and
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subset contributing to the result of the query. Tracking citation statistics
for a dynamic data citation requires propagating data use and citation
metrics from the dynamic data DOI to all components within the dy-
namic data citation.

An example of an international network and data infrastructure
utilizing dynamic data citations is the Global Biodiversity Information
Facility (GBIF). GBIF enables global search and integration of stan-
dardized biodiversity records and provides dynamic data citations with
DOIs for each consumer data download, referred to as an occurrence.
The consumer is requested to cite the occurrence DOI in any resulting
papers  (https://www.gbif.org/,  https://www.gbif.org/citation-g
uidelines). A data consumer could still have multiple citations if they
use multiple queries/downloads or repositories to compile relevant
data. Several additional repositories have implemented versions of the
dynamic data citations recommendations as part of the RDA Working
Group recommendation acceptance process (https://www.rd-alliance.
org/recommendations-outputs/adoption-stories). The ESS-DIVE Fusion
Database will likely also need to implement dynamic data citations to
provide accurate citations.

Currently, dynamic data citations are most advantageous to support
query-based data downloads within a single repository or data aggre-
gator and specifying subsets of data. It is particularly useful when data is
standardized and specific data can be readily integrated within and
across datasets from a search query, such as integrated species occur-
rence records from hundreds of data sources in GBIF. The data consumer
only needs to reference one citation for the custom query and download
instead of all the underlying data packages. It also helps support
repeatability and accurate credit since it enumerates the exact subset of
the data retrieved from the repository (Rauber et al., 2016b).

A primary disadvantage is that many repositories do not have the
resources required to maintain DOI landing pages for each query, and to
generate and track data use and citation metrics within the dynamic data
citation for all underlying data packages. To date, citation tracking in-
formation has not been easy to obtain. Once crossref (https://www.cross
ref.org/) or another citation tracking service such as Scholix (http
://www.scholix.org/) becomes reasonably comprehensive, citations
will be easier to track and resolve. At present, the tracking overhead is
high. According to GBIF statistics, millions of occurrence DOIs have
translated into thousands of resulting publications citing those DOIs.
The entity that created the dynamic data citation must also take on the
long-term responsibility for providing a landing page for the issued
DOlIs.

Similar to data collections, the authorship of the dynamic data
citation is open to interpretation. Some repositories have listed all the
authors of the underlying data packages (Hunter and Hsu, 2015) and
others have not specified any authors (e.g. https://www.gbif.org/). One
advantage of adding all the authors is that it might reduce the need to
explicitly track all citations of the dynamic data citations if there are not
too many authors since authors can do this tracking themselves
(although this would be impractical for large data collections like
AmeriFlux, WFSFA, and NGEE-Tropics).

Dynamic data citations are also generally constrained to repository
query capabilities. The way dynamic data citations are currently
implemented at repositories assumes that the data can be resolved
through a single or small number of queries that the consumer formu-
lates at a single repository. One challenge is that the data consumer
likely does not know exactly what data will contribute to the paper until
the paper is mostly written.

An alternate approach would be to have a tool that allows the data
consumer to visit a site and specify the dynamic data citations used in
their paper and create a custom, synthesized data citation. This would
limit the citations of datasets that were not used in the paper but had a
dynamic citation generated and could allow the combination of data
from many repositories into the dynamic data citation. Such a service
would be of high value to the data consumer.
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6. Discussion

There are many published guidelines that help in defining the met-
adata and format to support data citations (DataCite Metadata Working
Group, 2019; Fenner et al., 2019; Mooney and Newton, 2012; Rauber
et al., 2016a, 2016b; Weigel et al., 2017). Although FAIR principles
focus on important concerns of data consumers, they do not adequately
prioritize data producers’ needs or challenges with integrated data.
Changing the priority to focus on both the producers and consumers
leads to differences in how the citation metadata fields are used and the
format of the citation. Additionally, there remain many decisions for
repositories and data producers on the path to generating, supporting,
and building the citation for a data packaging system. A missing
component in the data citation guidelines is recommendations for
appropriately acknowledging the personnel who contributed to the tasks
like processing, cleaning, and curation of the data (the ESIP Research
Object Citation Cluster is addressing this now). The importance of
acknowledging these roles increases when data are synthesized and/or
transformed, as the integration process requires extensive intellectual
effort.

The various constituencies in data publication have different needs
in the processes of data publication and citation, and these needs lead to
different choices in both the formulation of the citation and the man-
agement of the scaling challenge when citing multiple data packages.
The current guidance on citations leaves flexibility needed to serve
different constituencies. However, determining what approach is best
for a particular community requires data producers and repository
teams to study the options for data package granularity, versioning, and
citation formulation, and provide tools that help consumers to generate,
track, and use citations efficiently. The needs of the data producers and
the expected usage scenarios all need to be taken into account, because
the decisions will have long-term impact. The first time we were faced
with this challenge was for AmeriFlux, and it took eighteen months to
determine an approach to data packaging and citation. Examples of
decisions needed included: granularity of data to assign individual DOIs,
metadata fields, dataset titles, author criteria, and registering agency for
DOI assignment. The final decisions of a single DOI per site and initial
author list based on site PIs were made after several rounds of consul-
tations with data producers, data consumers, and digital library experts.
For subsequent projects, we were able to make these decisions in closer
to three to six months due to our experience with the AmeriFlux project
DOlIs.

Data consumers, particularly modelers and machine learning de-
velopers, are utilizing data from many data packages and sources at a
greater pace than ever before. Citation of large collections of data
packages or specific integrated data within and across data packages is
an under-appreciated challenge. We described some of the options
currently available to repositories for providing integrated citations as
well as their pros and cons. Which option is best depends on the
particular use case. In all cases, these options have the potential to
enable a compact citation for a paper. However, both data collections
and especially dynamic data citations require significant specialized
infrastructure and interfaces to be built at the repository to create them
and to ensure appropriate credit to data producers, and none of the
options have seen broad universal adoption. Data papers are currently
the best way for data producers to receive credit but are time consuming
and result in a static view of the data. Challenging decisions such as
defining authorship and following usage policy requirements such as
attribution are not directly solved. In cases where usage rules for the
integrated data are not the same, a method for unifying the data usage
policies is needed. In our experience, treating all the data as having the
most restrictive policy can work if the policies are compatible. That is an
approach we used with FLUXNET which often has two different data
usage policies.

In ESS-DIVE, we expect to offer our communities the option to use
data collections (possibly in the form of project portals) or data papers to
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provide collective citations. The AmeriFlux collaboration has also been
leaning toward using data collections and writing data papers describing
processing methods and statistics about the data to include in the
collection. Tracking citations of a small number of data collections or
data papers has the potential to make the implementation of these
feasible using manual or semi-automated tracking processes. Our near-
term strategy will include the ability to help our communities to move
to a more open data usage policy such as CC BY 4.0 to enable easier
creation of data collections and publication of data papers and other
papers. This will also help remove a barrier to data integration.

Although there are many benefits of data collections, dynamic data
citations, and data papers, no one approach solves all problems across
use cases to enable citing and giving proper credit to a large number of
datasets from across many repositories in a space limited paper. The
solution may involve a hybrid approach with a ‘container’ that includes
well-structured, machine readable citations to data packages, data col-
lections, dynamic data citations, and data papers, along with other
documentation and metadata needed to understand the purpose of the
container. The container would need a unique identifier (maybe a DOI)
and citation format that can be used to reference it in papers. Then we
would need to have methods for managing the citation counts for the
contents of the container that give the items in the container credit as if
they were directly cited in the reference section of the paper.

Ideally, these containers could then be used by the author(s) of a
paper to create a compact citation for a large number of data citations or
by a group wishing to make a thematic container from a set of under-
lying data packages (e.g. an AmeriFlux data release, the datasets
describing a watershed, etc). Scientific authors sometimes do this
through writing a data paper that is then cited by the research paper.
Today that means that the dataset becomes a secondary rather than a
primary citation in this approach, and ultimately receives no direct
citation. Instead of a data paper scientific authors could create a data
container to reference. An early example of a capability similar to this
‘container’ system is where a machine readable, well-formatted sup-
plementary information section for a scientific paper is required. How-
ever, there is still much work needed to define and standardize
containers, build the support infrastructure, and achieve broad accep-
tance. In addition, the credit counting mechanisms would also need to
be included in this process. It is our hope that leveraging all the work on
collective data citation methods that has already occurred will enable
rapid development of something like this container capability.

7. Summary

In recent years, scientific communities have used the paper publi-
cation paradigm to capture the data publication process. While this has
provided a way for the community to leap forward, our experiences as
outlined in this paper further expose the myth that data publication is
like publishing a paper (Horsburgh et al., 2020).

The paper publication process has evolved to be a static entity that
captures the research process and the end results. However, data pub-
lication is a more complex, iterative, and dynamic process where pro-
ducers have raw data, data from QA/QC practices, derivatives of the
data, and versions of the data that evolve over the life cycle of the sci-
entific process. By using the paper publication paradigm for data, cita-
tions only capture a snapshot of the data at a particular time, often losing
valuable information including context of the data, relationship to other
data in the collection, etc.

A key element of data integration is enabling the use and citation of
that integrated data. In this paper, we have considered several ap-
proaches (Scalable Dynamic Data Citation, data collections, data papers)
that attempt to address some of the challenges. However, there is still a
need to systematically evaluate the complex socio-technical issues
around data producers and data consumers. Data producers are quickly
becoming an important fabric of the complex scientific ecosystem
enabling new modeling and machine learning/artificial intelligence
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capabilities. There is a need to address the scalability and autonomy
needs of data producers in creating and managing data citations while
also addressing the diverse use cases and usability needs of data
consumers.
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