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Various maturity assessment approaches have been developed to help research data repositories
effectively manage their holdings at both the organizational and dataset levels. Repositories can use
these approaches as self-assessment tools—potentially leading to formal certification—to benchmark
the maturity of their data holdings, highlight gaps in their practices, and improve their sustainability.
Understanding the differences among these assessment approaches can provide beneficial information
on stewardship best practices for supporting FAIR data managed by Trustworthy Data Repositories.
However, it is a daunting task due to diversity in the perspectives of the approaches and the potential
for subjective interpretation of individual criteria. In this article, we outline the commonalities

and distinctions of three established assessment approaches: i) CoreTrustSeal Trustworthy Data
Repositories Requirements, ii) Data Stewardship Maturity Matrix, and iii) FAIR Guiding Principles.
Strong correlations are found in data discovery, accessibility, interoperability, and usability due to
overlapping requirements in digital object management. The study also reveals that the complexity of
the approaches can lead to a large variety of inferred crosswalks among them.

Introduction

Scientific data repositories are increasingly facing requirements to ensure their digital data holdings are findable,
accessible, interoperable, and reusable (i.e., FAIR), and to show their trustworthiness in managing and pre-
serving these data holdings for the long term—namely, that they are a Trustworthy Data Repository (TDR). To
sustain and enhance best practices for data management and governance, and to meet the ever-evolving needs
of user communities, data repositories need the ability to evaluate stewardship maturity from the organizational
level down to individual datasets.

The trustworthiness of individual repositories has been the topic of study for the data management and pres-
ervation community for many years, with various maturity assessment approaches developed to help effectively
steward data holdings. These approaches identify gaps in a repository’s digital object management and techno-
logical processes. By using them as self-assessment tools—potentially leading to formal certification—data stew-
ards and dataset providers can obtain a benchmark on the current state of accessibility and usability of the data
holdings, highlight areas that necessitate further investment, and develop pathways to raise stewardship matu-
rity'. Ultimately, a data repository can improve its sustainability to reliably serve its stakeholders into the future.

With multiple maturity assessments to choose from, understanding the commonalities and differences
among them is a daunting task as they may vary greatly in terms of quality perspectives and attributes>*. This
article details the synergies and distinctions of the three data management and stewardship maturity assess-
ment approaches listed below, in terms of crosswalks among them, leveraging off overlaps and finding areas of
collaboration.
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Disciplinary-focused repositories need to be able to draw from maturity models that examine trustworthi-
ness at different scales, from the dataset to repository-wide level, and both now and long term. In addition, the
models should themselves be trustworthy in providing an accurate and useful picture of a repository’s status,
and be well-respected by its designated community and peers. The authors choose the below models as meeting
this challenge. These three different approaches have been well-established and shown to help data stewards and
organizations improve their organizational capability and practices for long-term preservation and access of
their data holdings. Knowledge of the synergies among them is valuable to scientific data repositories and the
wider data stewardship community.

CoreTrustSeal Trustworthy Data Repositories Requirements (CTDRR).  The most well-established
evaluation method is ISO 16363*, which is based on the Open Archival Information System (OAIS) Reference
Model, and establishes comprehensive audit metrics for what a repository must do to be certified as a TDR (see
also’). However, while it is desirable to be ISO 16363 certified, the time and financial burden tends to keep many
organizations from pursuing it. The World Data System of the International Science Council, in collaboration
with the Data Seal of Approval and the Research Data Alliance, thus developed a set of 16 core CoreTrustSeal
Trustworthy Data Repositories Requirements (CTDRR) for certification of repositories at the core level as a solid
step towards meeting the ISO 16363 standard®-®. The focus elements for each requirement are shown in Fig. 1,
based on the latest version described in CoreTrustSeal (2019)%. Currently, 183 institutional or disciplinary repos-
itories have been accredited as core certified repositories (Latest statistics can be found at: https://www.coretrust-
seal.org/why-certification/certified-repositories/).

Although existing prior to their creation, both CTDRR and ISO 16363 are embodiments of the Transparency,
Responsibility, User Focus, Sustainability, and Technology (TRUST) Principles®. The TRUST Principles are for-
mulated in a high-level way that brings the concepts around repository trustworthiness under one overarching
umbrella. In this regard, they have been designed as a communication tool on the important roles of repos-
itories, rather than offering comprehensive and specific measurements, to ensure long-term stewardship of
research data. Therefore, the authors believe that it would not be appropriate to include a crosswalk between the
TRUST Principles and any of the chosen assessment approaches.

Data Stewardship Maturity Matrix (DSMM).  Similar to CTDRR, the scientific data stewardship matu-
rity matrix (DSMM?) is within the scope of the OAIS Reference Model, but it is instead focused on the individual
dataset level. DSMM was developed jointly by the National Centers for Environmental Information (NCEI), the
official archive of the U.S. National Oceanic and Atmospheric Administration (NOAA), and the Cooperative
Institute for Climate and Satellites—North Carolina. NCEI is an authoritative source for environmental data and
information, including climate data records that have been utilized in national and international climate moni-
toring and assessment activities. DSMM assesses the maturity of stewardship practices in nine Key Components
(KCs) to help ensure that individual digital datasets are of assured scientific quality; adequately preserved and
documented; and that they remain accessible, usable, and current to end users. The focus elements covered under
each DSMM KC are shown in Fig. 2. So far, DSMM has been adopted or adapted by several Earth Science organ-
izations'®!!. In particular, the Stewardship Maturity Matrix for Climate Data (SMM-CD) is now one of the three
building blocks of the World Meteorological Organization (WMO)’s high-quality framework for managing global
climate data'?. Over 800+ individual datasets have been evaluated utilizing DSMM, including the WDS-Paleo
International Tree-Ring Data Bank!.

FAIR guiding principles. The FAIR Guiding Principles (‘FAIR Data Principles’ or simply ‘FAIR Principles’)
were initiated at the 2014 Lorentz Workshop ‘Jointly Designing a Data FAIRport’ (https://www.openaire.eu/
how-to-make-your-data-fair) and formally defined by stakeholders from academia, industry, funding agencies,
and scholarly publishers to encourage data sharing across systems, disciplines, and regional boundaries'®. They
were developed after both CTDRR and DSMM. Like the latter, fifteen principles target individual datasets, but
primarily concern individual practices or capabilities on quality attributes of findability, accessibility, interoper-
ability, and reusability for enhanced data sharing in machine-friendly environments. These quality attributes are
only a subset of what CTDRR and DSMM cover. The associated aspects and focus elements for each principle are
shown in Fig. 3. The FAIR Principles have quickly gained popularity in the global data management and steward-
ship community, have been endorsed by many international organizations and countries, and have had a major
impact in prompting data sharing and reuse worldwide!*-"7.

It should be noted here that while the FAIR Principles are not originally designed to be a stewardship
maturity assessment approach per se, with many organizations already using the FAIR Principles in this way,
they cannot be ignored from any comparison of predominant maturity models. Moreover, based on the FAIR
Principles, an increasing number of tools and frameworks have been developed to assess the FAIRness of digital
objects. For example, the Research Data Alliance (RDA) FAIR Data Maturity Model Working Group!® has devel-
oped a set of core assessment criteria for FAIRness. Known as RDA FAIR Data Maturity Indicators (DMIs), they
aim to enable direct comparison of assessment results.

By examining the FAIR Principles at the highest level rather than one of the various tools derived from it, the
expectation is to capture the major differences of all such approaches from CTDRR and DSMM, while limiting
the complexity of resultant crosswalks.

Disciplinary coverage of the approaches. Generally speaking, initial implementations of the FAIR
Principles have tended to be focused on the Biological and Natural Sciences in Europe!®, while implementa-
tions of the DSMM have mainly been for the Earth and Environmental Sciences®>. CTDRR is completely agnostic
when it comes to disciplinary coverage, data heterogeneity, and collection size. Its value as a general assessment
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Category CTDRR Requirement Focus Element
i. Repository Type
— R1. Mission/Scope ii. Data Access

iii. Data Preservation

i. Data Access
ii. Data Use
iii. Compliance Monitoring
R3. Continuity of Access i, Data Access
ii. Data Preservation
=<
R4. Confidentiality/Ethics i. Confidentiality

ii. Ethical Norm
iii. Disciplinary Compliance

R2. Licenses

R5. Organizational Infrastructure . .
i. Funding

ii. Qualified Staff
iii. System of Governance

Organizational Infrastructure

—~— R6. Expert Guidance
i. Expert Guidance
ii. Feedback

i. Data Integrity

_— | R7. Data Integrity and Authenticity il Data Authenticity

i. Defined Evaluation Criteria

R8. Appraisal ii. Relevance
iii. Understandability
R9. Documented Storage i. Archival Data Storage
Procedures ii. Documented Storage Processes & Procedures

i. Long-term Preservation Responsibility
ii. Documented Preservation Plan

R10. Preservation Plan

i. In-house Technical Expertise

ii. Data Quality

R11. Data Quality iii. Metadata Quality

. Sufficient Information for Quality Evaluation

R12. Workflow i. Defined Archival Workflow
: i. Ingest

iii. Dissemination

Digital Object Management
E' =

R13. Data Discovery and
Identification

. Data Discovery
ii. Persistent Data Identification
iii. Data Citation

i. Metadata Availability
i. Metadata Relevancy

(

R14. Data Reuse

. Operating Systems

> ii. Infrastructural Software
1) q
o R15. Technical Infrastructure P Sefee Vo ey
g iv. Hardware Technology
= . v. Designated Community
9 R16. Security
= i. Repository Facility
ii. Data holdings
Version: v01r00 20220106 iii. Services
POC: Ge Peng (gpeng93@gmail.com) iv. Users
CC-BY 4.0

Fig. 1 Diagram showing focus elements associated with the CoreTrustSeal Trustworthy Data Repositories
Requirements (CTDRR). As noted in the diagram, the sixteen CTDRR requirements are grouped into three
categories: Organizational Infrastructure (R1-R6), Digital Object Management (R7-R14), and Technology
(R15-R16).

approach has been proven by the highly diverse range of data repositories that have chosen to be certified using
the CTDRR. A comprehensive cross-disciplinary suitability and relevance analysis of the three approaches could
be a useful exercise, but it is beyond the scope of this paper.
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Focus Element

i. Data Storage
DSMM ii. Repository Type
iii. Archiving Metadata
Key component (KC) iv. Archiving Standards & Future Change Planning
v. Archiving Process Monitoring & Updating

KC1. Preservablllty i. Meta(data) Availability

ii. Data Searchability & Search Metrics
iii. Level of Data Access Services
iv. Dissemination Report

KC2. ACCGSSIbIhty v. Future Technology & Standard Planning

i. Level of Knowledge Required
ii. Comprehensiveness of Documentation

KC3. Usability iii. Meta(data) Formats
iv. Capability (subsetting, aggregating)

v. Data Characterizations

. . i. Funding Source & Period
KC4. Sustainability ii. Type of Commitment

iii. Product Update & Improvement

i. DQ Assurance Procedure

KC5. DQ Assurance ii. Quality Assurance Metadata
iii. Quality Metadata Standards

i. Spatial and Temporal Sampling
ii. Analysis Frequency & Metrics
iii. Quality Control Metadata

iv. Quality Metadata Standards

KC6. DQ Control

i. Assessed Data Product Type
KC7. DQ Assessment ii. Assessment Frequency

iii. Quality Assessment Metadata

iv. Quality Metadata Standards

i. Availability of Product Information

ii. Comprehensiveness of Product Information

iii. Object identifiers (unique, persistent & resolvable)
iv. Processing and System Information

v. Data Provenance & Configuration Management

KC8. Transparency

KC9. Data Integrity
i. Data Integrity Verification
ii. Data Authenticity Verification
Version: v01r00 20220104 iii. Data Integrity Technology Standards

POC: Ge Peng (ﬁge;$23o@gmall.com) iv. Data Integrity Process Monitoring and Reporting

Fig. 2 Diagram showing focus elements associated with the NCEI/CICS-NC Data Stewardship Maturity Matrix
(DSMM) Key Components (KCs).

Results

A crosswalk analysis has been performed by comparing individual CTDRR Requirements, DSMM Key
Components, and FAIR Principles with each criterion in turn of the other two approaches. In this section, an
outline of the synergies in terms of strong or weak direct mappings among the three assessment approaches is
provided along with a summary. A discussion of a strong versus weak mapping can be found in the Methods
section.
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FAIR Principle Associated Aspect Focus Element
F1 i. Persistent Digital i. Global Uniqueness
Object Identifier (PID) ii. Eternal Persistency
F2 i. Metadata Richness i. Object PID Resolvable

i. Linked data PID in

F3 metadata
i. Object Registered
ii. Object Indexed i. Object Retrievability
F4 iii. Object Searchable ii. Communication Protocol
i. Openness
Al Al.1l ii. State of being free
iii. Implementability
Al.2 Auth
i. Authentication
A2

ii. Authorization

Metadata Accessibility

i. Formality
i. Representation of ii. Accessibility
Knowledge iii. State of being shared

iv. Broad Applicability
i. FAIR Vocabularies

i. Referenced Resources

Object Described
ii. Plurality of Attributes

R1.1 i. Data Usage License
R1.2 i. Provenance
R1.3 i. Community Standards

Version: v01r00 20220104
POC: Ge Peng (gpeng93@gmail.com)
CC-BY4.0

Fig. 3 Diagram showing aspects (gray-filled text boxes) and elements (pink-filled text boxes) associated with
each of the FAIR (i.e., Findable, Accessible, Interoperable, Reusable) Guiding Principles. The term “Object” in
the diagram refers to “(meta)data”

Synergies and distinctions between CTDRR and DSMM.  While both were founded on the OAIS
Reference Model, DSMM addresses stewardship at the dataset level, whereas CTDRR exemplifies an implemen-
tation of a TDR that then provides a tool for assessing the maturity of preservation and service capability at an
organizational level. CTDRR thus helps set overarching stewardship processes, governance, and infrastructure for
organizations that manage digital data objects over the long term®. Due to this difference in focus, knowledge of
the similarities and distinctions between CTDRR and DSMM can enhance the ability of data stewards to develop
synergistic strategies for the overall stewardship maturity of their repository and the data objects it encapsulates.
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DSMM Key Components

KC4 KC5 KCé KC7 KC8 KC9

KC1 KC2 KC3 Production Data Quality Data Quality Data Quality Transparency Data
CTDRRs Preservability ~ Accessibility ~ Usability inability A itori A [Traceability Integrity
R1. Mission/Scope o o
R2. Licenses
R3. Continuity of Access °

ORGANIZATIONAL
INFRASTRUCTURE  R4. Confidentiality/Ethics

RS. Organizational
infrastructure

R6. Expert Guidance
R7. Data integrity and

authenticity
R8. Appraisal o o
R9. Documented storage
° o o o
procedures
DIGITAL OBJECT R10. Preservation plan o
MANAGEMENT
R11. Data quality o (e} o °
R12. Workflows o o (e} o o
R13. Data discovery and ° °
identification
R14. Data reuse o o o o ]
R15. Technical
TECHNOLOGY infrastructure
R16. Security
Mapping Keys: e Strong correlation Version: v01r02 20210729
oWeak correlation POC: Ge Peng (gpeng93@gmail.com)
CC-BY 4.0

Fig.4 Crosswalk between CTDRR and DSMM. Strong (weak) correlations are denoted by filled (open) circles.
Color-code under CTDRR: light gray/blue/green denotes the category of Organizational Infrastructure/Digital
Object Management/Technology, respectively. Rn,n=1, 2, ... 16, denote the CTDRR Requirements. KCn,n=1,
2, ..., 9 denote the DSMM Key Components.

Synthesis was found by one of the authors between CTDRR and DSMM during the recertification process
of NOAA/NCET’s World Data Service for Paleoclimatology, with an observation that stewardship best practices
captured in DSMM are beneficial in helping fulfill relevant requirements in CTDRR. It is this observation that
initiated the current research.

As depicted in Fig. 4, the CTDRR Digital Object Management category (R7-R14) is the area that has the
highest correlation to the DSMM KCs, with more than one pair of direct mappings between the two approaches.
Because it is the category with the greatest concentration of Requirements that affect managing data objects—
which is the main focus of DSMM on a level of individual datasets—six strong correlations are identified
between the following CTDRR-DSMM pairs: (R7, KC9), (R9, KC1), (R11, KC7), (R13, KC2), (R13, KC8), and
(R14, KC3). (More detailed reasonings are given in Supplementary Table 1).

By the same logic, since the CTDRR Requirements in the Technology category (R15-R16) concern software
and hardware systems that provide services to a designated user community at the organizational level—which
are outside the scope of DSMM—there are no direct correlations in this case. Likewise, there are only limited
direct mappings between the CTDRR Requirements in the Organizational Infrastructure category (R1-R6) and
the DSMM KCs, with only one strong correlation identified between R3 and KC4 (Fig. 4) because of the overlap
between ensuring ongoing access to and preservation of the repository’s holdings via a continuity plan and a
commitment to the data product being sustainable and extendable (Supplementary Table 1).

Synergies and distinctions between CTDRR and FAIR Principles. It must be reiterated that these
two approaches are concerned with different levels of data management. CTDRR is focused on a repository’s
processes, capability, and infrastructure, whereas the FAIR Principles focus on the (collections of) digital objects
themselves. Moreover, the ‘FAIRness’ of a digital object can be measured only at a specific moment. A TDR has
the ability to maintain or even enhance the FAIRness of a digital object over time. In this regard, a repository may
‘enable’ FAIR. Because CTDRR takes a holistic organizational/ecosystem perspective, only small parts of it are
picked up/touched on in the FAIR Principles (Fig. 5)—relationships exist in the sense that the FAIR Principles
overlap with the set of best practices employed by TDRs.

Owing to the above, there is little crossover between the Organizational Infrastructure Requirements (R1-
R6) of CTDRR and the FAIR Principles. In particular, the authors found no strong or weak correlations for R1
(Mission/scope), R4 (Confidentiality/ethics), R5 (Organizational infrastructure), and R6 (Expert guidance) of
CTDRR (Fig. 5). The two strong correlations that were identified are between R2 of CTDRR and R1.1 of the
FAIR Principles, and between CTDRR R3 and FAIR A2 (see also Supplementary Table 2).

The Digital Object Management Requirements (R7-R14) of CTDRR cover a repository’s practices for man-
aging its digital objects. Consequently, the FAIR Principles are more directly relevant to these Requirements
and there is greater overlap between the two approaches (Fig. 5). Specifically, 10 strong correlations are found
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, FAIR Data Principles ,
CTDRRs F1 F2 F3 F4 A A1 M2 A2 1 12 13 R RIA | R12 | R13

R1
R2 °

ORGANIZATIONAL  R3 ]
INFRASTRUCTURE R4

R5
R6
R7 o
R8
R9
DIGITALOBJECT ~ R10
MANAGEMENT R11 ° o o ° ° °
R12
R13 ° ° ° o
R14 ° o ° . o o [}
R15 o o
R16 o

TECHNOLOGY

Mapping Keys: e Strong correlation Version: v01r00 20210202
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Fig. 5 Crosswalk between CTDRR and FAIR Principles. Strong (weak) correlations are denoted by filled (open)
circles. Color-code under CTDRR: light gray blue/green denotes the category of Organizational Infrastructure/
Digital Object Management/Technology, respectively. Rn,n=1, 2, ...16, denote the CTDRR Requirements. {F,
A, I, Rin[.m], denote the FAIR Principles.

between these CTDRR-FAIR Principles pairs: (R11, F2), (R11, R1), (R11, R1.2), (R11, R1.3), (R13, F1), (R13,
F3), (R13,F4), (R14, F2), (R14, R1), and (R14, I1) (details are in Supplementary Table 2). There are some excep-
tions due to the more limited scope of the FAIR Principles, and the following CTDRR Requirements do not have
analogous concepts: R8 (Appraisal), R9 (Documented storage procedures), R10 (Preservation plan), and R12
(Workflows).

Technology aspects are covered in Requirements R15 (Technical infrastructure) and R16 (Security) of
CTDRR, and are enacted through organizational-wide protocols and procedures. Hence, they are at a reposito-
ry’s infrastructural level and again are not really captured in the concept of FAIR. This means that there are no
bi-directional, strong relationships between R15 and R16 and the FAIR Principles, but one can go rather weakly
in a single direction in several cases.

Synergies and distinctions between FAIR Principles and DSMM.  Strong synthesis was found
between DSMM and the FAIR Principles, with stewardship practices captured in DSMM helping support the
FAIRness of individual datasets (Fig. 6).

KCI1 (Preservability) addresses aspects of long-term preservation, including data storage and archive prac-
tices and standards. KC3 (Usability) evaluates the level of data product-specific knowledge required to under-
stand the data, their availability, and the comprehensiveness of documentation to support understanding in
using them. KC8 (Transparency/Traceability) examines the state of being transparent, trackable, and traceable.
Stewardship practices captured in KC1, KC3, and KC8 therefore help ensure (meta)data are assigned and ref-
erenced with unique persistent identifiers (PIDs; F1 and F3), are searchable online (F4), use broadly shared
language for knowledge representation including provenance (R1.2) that conforms domain-relevant community
or international standards (R1.3), while they are richly described (F2; R1) with a formal and shared language (I1)
and referenced with other (meta)data (I3). All of this leads to there being strong correlations among one or more
of these three KCs with three areas of the FAIR Principles; namely, F1-F3, I1, I3, R1, R1.2, and R1.3 (Fig. 6).
(More detailed reasonings are given in Supplementary Table 3.)

KC2 (Accessibility) evaluates both the level of maturity in searchability and accessibility of data and associ-
ated data services. Stewardship practices captured in KC2 therefore strongly support FAIR data in ensuring the
(meta)data are searchable (F4) and accessible with an open protocol (A1.1) that follows community standards
(A1), and which allows for authentication and authorization (A1.2).

Practices defined in KC5, KC6, and KC7, respectively concerned with data quality assurance, control/mon-
itoring, and assessment, further enhance the synthesis with FAIR in terms of utilizing formal knowledge rep-
resentation (I1) that follows community standards (R1.3) (Fig. 6).

Summary. A clear understanding of these three approaches for assessing stewardship maturity of digital data
and repository processes is essential in (re)using them to cater to different data management and stewardship
needs and end results.
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DSMM Key Components

KC4 KC5 KC6 Kc7 KC8 Kc9
. . KC1 KC2 KC3 Production Data Quality Data Quality  Data Quality  Transparency Data
FAIR Data Principles Preservability Accessibility Usability ~Sustainability ~ Assurance Control Assessment  /Traceability  Integrity
F1. (meta)data are assigned a globally unique and eternally o °
persistent identifier
F2. data are described with rich metadata (defined by R1 ° ° °
F below)
F3. metadata clearly and explicitly include the identifier of ° o °
the data it describes
F4. (meta)data are registered or indexed in a searchable °
resource
A1l. (meta)data are retrievable by their identifier using a °
A1.1. the protocol is open, free, and universally o
A implementable
A1.2. the protocol allows for an authentication and °
authorization procedure, where necessary
A2. metadata are accessible, even when the data are no °

longer available
I1. (meta)data use a formal, accessible, shared, and ° ° o 1) o
broadly applicable language for knowledge representation
12. (meta)data use vocabularies that follow FAIR principles o o
13. (meta)data include qualified references to other ° o
(meta)data
R1. meta(data) are richly described with a plurality of
q L) ° °
accurate and relevant attributes

R1.1. (meta)data are released with a clear and accessible
data usage licence

R1.2. (meta)data are associated with detailed provenance ()
R1.3. (meta)data meet domain-relevant community o o o o o
standards
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‘ Mapping Keys: e Strong correlation

O Weak correlation

Fig. 6 Crosswalk between FAIR and DSMM. Strong (weak) correlations are denoted by filled (open) circles.
KCn,n=1,2,...,9 denote the DSMM Key Components.

CTDRR and DSMM are two of a handful of data stewardship maturity models used to ensure that best
practices are followed for the acquisition, preservation, discovery, accessibility, interoperability, and reusability
of data for the long-term. Both are based on the OAIS Reference Model. They mostly overlap in the area of
managing digital data objects, providing conditions for various levels of maturity that can be utilized as metrics
to enhance the management processes for a repository’s data holdings. The main differences between these two
approaches stem from their different perspectives.

In contrast, the FAIR Principles provide high-level guidance for enabling that (meta)data are findable, acces-
sible, interoperable, and reusable, and prompting data sharing in a machine-friendly environment. They have
the most limited scope of the three approaches, and tend to measure the end state in a binary fashion; specifi-
cally, whether a Principle is satisfied or not. Unlike CTDRR and DSMM, they do not include maturity levels for
measurement of individual FAIR Principles nor do they evaluate data quality practices explicitly. Nonetheless, as
shown in the Introduction, the Principles are extremely important in fostering data sharing and reuse.

Strong correlations among these three assessment approaches are found in terms of data discovery, acces-
sibility, interoperability, and usability as a result of their overlapping requirements for the stewardship of data
objects.

From an institutional perspective, a prime objective of TDRs is to meet certification requirements—such as
CTDRR—as well as codify organizational governance and management plans for stewarding data for the long
term. In tandem with the data object perspective, creation and stewardship lifecycle management best practices
can be guided by all three stewardship approaches, increasing in granularity from DSMM and FAIR to CTDRR.

Discussion

One-directional correlations. Bi-lateral correlations are found for most strong correlations but do not
always hold. For example, the strong correlations from DSMM KC5-7 to FAIR R1.3 (Fig. 6) are the result of prac-
tices captured in DSMM for conforming to community quality metadata standards. However, meeting domain
metadata standards*' does not necessarily or automatically lead to conforming to domain quality metadata
standards®.

Inferred correlations. Extra to the strong and weak direct correlations among the approaches, the authors
found a number of indirect correlations due to subjective interpretations within the assessment approaches.
Such inferences lead to complexity in analyzing individual approaches and to many potential crosswalks among
them according to different efforts. Shown as an example, Fig. 7 depicts the inferred crosswalks among CTDRR,
DSMM, and FAIR from our exercise (thin gray lines) in addition to the strong (thick red lines) and weak (thin
pink lines) direct mappings—the majority are highly subjective, and interpretation of individual criteria diverged
even among the authors.
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Fig. 7 Mappings between each pair of CTDRR (Requirements denoted by blue ovals), FAIR (Principles by
orange ovals), and DSMM (Key Components by green ovals).

A specific instance of an inferred relationship can be seen with DSMM KC1 (Preservability), which contains
verbiage of being compliant to community archival metadata standards. Such metadata standards can require
a description of data lineage equivalent to provenance (FAIR R1.2), but whether this leads to a direct mapping
with FAIR I3 (including cross-references) is subtle due to the assumption of what the underlying standards
entail. Similarly, DSMM KC3 (Usability) touches on the need for a standard-based interoperable data format
and metadata, which can potentially contain a usage license and thus map to FAIR R1.1. Another inferred map-
ping might be found between CTDRR R14 (Data Reuse) and FAIR 12, since appropriate metadata to support
understanding and (re)use of data holdings (R14) may partially and implicitly explain the need for the existence
of controlled vocabularies.

Scope of the chosen approaches. It is worth noting that both CTDRR and DSMM go beyond just ena-
bling FAIR. For example, DSMM KC5-7 aim to ensure data product quality by defining and implementing quality
assurance, control, or assessment procedures, and promote transparency by emphasizing the need to document
these procedures. Furthermore, two areas of DSMM are not explicitly covered by the FAIR Principles—the fund-
ing and commitment for sustainability of data products (KC4) and requirements for data fixation and authenticity
verification (KC9)—although the latter may be inferred from R1.2 (detailed provenance) and A1.2 (the commu-
nication protocol allows for an authentication and authorization procedure). In the case of CTDRR, even within
the digital object management category, there are no direct mappings from R8 (Appraisal), R9 (Documented
Storage Procedures), and R10 (Preservation Plan) to any of the FAIR Principles, despite these requirements being
critical to the long-term preservation of digital objects.

Methods
A crosswalk analysis was performed, comparing individual CTDRR Requirements, DSMM Key Components,
and FAIR Principles with each criterion in turn of the other two approaches. The goal was to identify similar data
stewardship practices among these three maturity assessment approaches, with direct correlations between cri-
teria categorized as strong or weak/some. The three authors have significant expertise and practical experience in
the area of data stewardship maturity assessment, with in-depth knowledge of all three approaches. In all cases,
the authors were required to reach consensus on each correlation by using the explicit definitions contained in
CTDRR, DSMM, and the FAIR Principles as high-level criteria for subjectively determining direct crosswalks on
focus areas or elements. Potential implementations or interpretations of each requirement/principle/key compo-
nent were not explored as they would have drastically increased the complexity of resultant crosswalks.

The reasonings for each direct crosswalk between CTDRR and DSMM, where they exist, are captured in
Supplementary Table 1; between CTDRR and FAIR are captured in Supplementary Table 2; and between FAIR
and DSMM are captured in Supplementary Table 3. Strong correlation was identified when there was significant
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overlap between the two conditions being compared. Weak or some correlation was identified when a corre-
lation was present but was only partially overlapping or held in specific instances. Through these methods, we
drew out the general conclusions of crosswalks among the three approaches shown in Figs. 4-6 and described
in the Results section.

Data availability
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Code availability
No custom code was generated.

Received: 19 June 2022; Accepted: 7 September 2022;
Published online: 21 September 2022

References
1. Peng, G., Privette, J. L., Kearns, E. J., Ritchey, N. A. & Ansari, S. A unified framework for measuring stewardship practices applied to
digital environmental datasets. Data Sci ] 13, (2015).
2. Peng, G. The state of assessing data stewardship maturity — An overview. Data Sci ] 17 (2018).
3. Peng, G. et al. Call to action for global access to and harmonization of quality information of individual earth science datasets. Data
Sci ] 20 (2021).
4. ISO 16360. Space data and information transfer systems—Audit and certification of trustworthy digital repositories, https://www.iso.
org/standard/56510.html (2012).
5. CCSDS. Reference Model for an Open Archival Information System (OAIS), Recommended Practices, Issue 2., https://public.ccsds.org/
pubs/650x0m2.pdf (2012).
6. Edmunds, R., CHours, H., Rickards, L., Trilsbeek, P. & Vardigan, M. Core Trustworthy Data Repository Requirements. Zenodo
https://doi.org/10.5281/zenodo.168411 (2016).
7. CoreTrustSeal. Core Trustworthy Data Repository Requirements 2017-2019 - Extended Guidance. (2017).
8. CoreTrustSeal. Core Trustworthy Data Repository Requirements 2020-2022 - Extended Guidance. Zenodo https://doi.org/10.5281/
zenodo.3638211 (2019).
9. Lin, D. et al. The TRUST Principles for digital repositories. Sci Data 7, 144 (2020).
10. WMO SMM-CD Working Group. The WMO-Wide Stewardship Maturity Matrix for Climate Data. Figshare https://doi.org/10.6084/
m9.figshare.7002482 (2019).
11. Peng, G. et al. Practical application of a data stewardship maturity matrix for the NOAA OneStop project. Data Sci ] 18 (2019).
12. WMO. Manual on the High-Quality Global Data Management Framework for Climate. Document ID: WMO-No.1238., https://library.
wmo.int/doc_num.php?explnum_id=10197 (2019).
13. Wilkinson, M. D. et al. The FAIR Guiding Principles for scientific data management and stewardship. Sci Data 3, 160018 (2016).
14. G20 Leaders. G20 Leaders’ Communique Hangzhou Summit., https://ec.europa.eu/commission/presscorner/detail/en/
STATEMENT_16_2967 (2016).
15. Australia FAIR Access Working Group. Policy Statement on FAIR Access to Australia’s Research Outputs., https://www.fair-access.net.
au/fair-statement (2017).
16. European Commission. Turning FAIR into reality - Final Report and Action Plan from the European Commission Expert Group on
FAIR data., https://doi.org/10.2777/1524 (2018).
17. Mons, B. Data Stewardship for open science: implementing FAIR principles. (Chapman and Hall/CRC Press, Taylor & Francis, 2018).
18. RDA FAIR Data Maturity Model Working Group. FAIR Data Maturity Model: specification and guidelines., https://doi.org/10.15497/
rda00045 (2014).
19. van Reisen, M. et al. Towards the tipping point for fair implementation. Data Intell 2, 264-275 (2020).
20. NCEI. World Data Service for Paleoclimatology - CoreTrustSeal certification evaluation., https://www.coretrustseal.org/wp-content/
uploads/2020/02/World-Data-Service-for-Paleoclimatology.pdf (2020).
21. ISO 19115-1. Geographic Information—Metadata - Part 1: Fundamentals., https://www.iso.org/standard/53798.html (2014).
22. 1SO 19157. Geographic information - Data quality., https://www.iso.org/standard/32575.html (2013).

Acknowledgements

Management support from the Data Stewardship Division and the Climate Science and Services Division of
NOAA National Centers for Environmental Information (NCEI) is crucial for the initiation and early part of this
work. Ge Peng was supported in part by NOAA's NCEI under Cooperative Agreement NA19NES4320002 and
by NASA under Cooperative Agreement NNM11AAQ1A. We thank Dr. Herve UHours, Anette Ganske, and X.
Derek Yu for beneficial discussions. Anette Ganske reviewed Fig. 3 with beneficial comments and suggestions. We
thank two anonymous reviewers for their constructive comments, which have improved the clarity of the paper.

Author contributions
G.P, W.G. and R.E. have all contributed to conceptualization, project planning, and writing of the original draft.
All authors have reviewed the manuscript and approved the submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41597-022-01683-x.

Correspondence and requests for materials should be addressed to G.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC DATA | (2022) 9:576 | https://doi.org/10.1038/s41597-022-01683-x 10


https://doi.org/10.1038/s41597-022-01683-x
https://www.iso.org/standard/56510.html
https://www.iso.org/standard/56510.html
https://public.ccsds.org/pubs/650x0m2.pdf
https://public.ccsds.org/pubs/650x0m2.pdf
https://doi.org/10.5281/zenodo.168411
https://doi.org/10.5281/zenodo.3638211
https://doi.org/10.5281/zenodo.3638211
https://doi.org/10.6084/m9.figshare.7002482
https://doi.org/10.6084/m9.figshare.7002482
https://library.wmo.int/doc_num.php?explnum_id=10197
https://library.wmo.int/doc_num.php?explnum_id=10197
https://ec.europa.eu/commission/presscorner/detail/en/STATEMENT_16_2967
https://ec.europa.eu/commission/presscorner/detail/en/STATEMENT_16_2967
https://www.fair-access.net.au/fair-statement
https://www.fair-access.net.au/fair-statement
https://doi.org/10.2777/1524
https://doi.org/10.15497/rda00045
https://doi.org/10.15497/rda00045
https://www.coretrustseal.org/wp-content/uploads/2020/02/World-Data-Service-for-Paleoclimatology.pdf
https://www.coretrustseal.org/wp-content/uploads/2020/02/World-Data-Service-for-Paleoclimatology.pdf
https://www.iso.org/standard/53798.html
https://www.iso.org/standard/32575.html
https://doi.org/10.1038/s41597-022-01683-x
https://doi.org/10.1038/s41597-022-01683-x
http://www.nature.com/reprints

www.nature.com/scientificdata/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

SCIENTIFIC DATA | (2022) 9:576 | https://doi.org/10.1038/s41597-022-01683-x 11


https://doi.org/10.1038/s41597-022-01683-x
http://creativecommons.org/licenses/by/4.0/

	Crosswalks among stewardship maturity assessment approaches promoting trustworthy FAIR data and repositories

	Introduction

	CoreTrustSeal Trustworthy Data Repositories Requirements (CTDRR). 
	Data Stewardship Maturity Matrix (DSMM). 
	FAIR guiding principles. 
	Disciplinary coverage of the approaches. 

	Results

	Synergies and distinctions between CTDRR and DSMM. 
	Synergies and distinctions between CTDRR and FAIR Principles. 
	Synergies and distinctions between FAIR Principles and DSMM. 
	Summary. 

	Discussion

	One-directional correlations. 
	Inferred correlations. 
	Scope of the chosen approaches. 

	Methods

	Acknowledgements

	﻿Fig. 1 Diagram showing focus elements associated with the CoreTrustSeal Trustworthy Data Repositories Requirements (CTDRR).
	Fig. 2 Diagram showing focus elements associated with the NCEI/CICS-NC Data Stewardship Maturity Matrix (DSMM) Key Components (KCs).
	Fig. 3 Diagram showing aspects (gray-filled text boxes) and elements (pink-filled text boxes) associated with each of the FAIR (i.
	﻿Fig. 4 Crosswalk between CTDRR and DSMM.
	﻿Fig. 5 Crosswalk between CTDRR and FAIR Principles.
	Fig. 6 Crosswalk between FAIR and DSMM.
	Fig. 7 Mappings between each pair of CTDRR (Requirements denoted by blue ovals), FAIR (Principles by orange ovals), and DSMM (Key Components by green ovals).




