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Abstract

This article examines a cross-section of literature and other resources to reveal common reproducibility
issues faced by stakeholders regardless of subject area or focus. We identify a variety of issues named as
reproducibility barriers, the solutions to such barriers, and reflect on how researchers and information
professionals can act to address the ‘reproducibility crisis.” The finished products of this work include an
annotated list of 122 published resources and a primer that identifies and defines key concepts from the
resources that contribute to the crisis.
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Introduction

Over the last number of years, the terms ‘reproducibility’ and ‘replicability’ have left the realm of
science and become widely discussed in mainstream media. Books, blogs, and television news shows
have talked about the emergence of a ‘reproducibility crisis’ which brings the validity of scientific
research into question. Numerous studies and reports identifying the status of research reproducibility
reveal problems at all levels of study across multiple research disciplines. Even published research from
prominent journals and institutions suffer from reproducibility issues (Weir, 2015). While some question
the idea that the issues surrounding reproducibility constitute a ‘crisis’ (Baker, 2016c), evidence points
to a widespread difficulty to reproduce published scientific results.

As data managers and information professionals in U.S. federal libraries working in a variety of
disciplines and backgrounds, we understand the difficulties surrounding this topic. In order to address
these concerns, we formed a team and embarked on a project to identify the ‘crisis’ and the ongoing
challenge it creates for ourselves and our stakeholders.

Our operating definitions of ‘reproducibility’ and ‘replication’ were as follows:

® Reproducibility measures whether a study or experiment can be reproduced in its entirety. To
achieve adequate reproducibility, studies implement measures to support verification of
research, including, for example, sharing data and methods. No single factor or method alone
achieves reproducibility in a study, and likewise, many factors can result in a study with poor
reproducibility (Munafo et al., 2017).
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® Replication is the attempt to recreate the conditions believed sufficient for obtaining a
previously observed finding and is the means of establishing reproducibility of a finding with
new data (Open Science Collaboration, 2015).

It should be noted that formal definitions of the two terms ‘reproducibility’ and ‘replicability’ were
offered in a report by the National Academies of Sciences, Engineering, and Medicine (2019). The
distinct differences between the two definitions did not play a key part in this project. The Academies’
definitions were published after most of our own investigation was complete, and the terms were
deemed somewhat interchangeable throughout this exercise.

To fully understand the reproducibility crisis, we must understand the multitude of contributing factors
influencing reproducibility (Open Science Collaboration, 2015). We gathered a number of resources and
began studying. Our findings resulted in two products discussed in this paper: an annotated list of 122
resources reviewed to understand the ‘crisis,” and a primer that lists the top issues and solutions defined
within the resources. These items provided our team a common language and understanding of the
problem which we can use in our profession moving forward.

Project origins

Our journey started with a proposal brought up within CENDI’, a U.S. federal scientific and technical
information managers group. CENDI is ‘a volunteer-powered membership organization that serves the
federal information community - that is, all those who create, manage, aggregate, organize, and provide
access to federally-funded data and publications’ within federal scientific and technical information
agencies. Its member organizations represent a cross-section of federal data and publication
stakeholders—including libraries, data centers, aggregators, information technology developers, and
content management providers. CENDI’s mission is to ‘increase the impact of federally funded science
and technology by improving the management and dissemination of data and information’ (CENDI,
2019).

CENDI is home to a small number of working groups, including the Data Curation Discussion Group
(DCDG). While principle CENDI members are the managers of federal scientific and technological
information libraries, the DCDG members are, in the main, hands-on data management and curation
staff within the libraries and home agencies. The DCDG’s goal is ‘to collaborate across agencies, employ
data curation best practices, tools, and workflows, promote efficiencies and consistency, work through
challenges, and avoid ‘reinvention.” (Christiansen, 2017). In late 2017, CENDI leadership proposed that
DCDG develop tools to assess and address the ‘reproducibility crisis’ with possible outcomes being:

e developing or populating a website with content that puts reproducibility challenges in context
and identifies both real issues and spurious concerns

e sharing information about approaches to reproducibility among the CENDI members
disseminating information about best practices within the respective agencies, based on
consensus findings in CENDI and/or noted elsewhere
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Project goals and methodology

The DCDG began the project over the first half of 2018 as an effort to familiarize CENDI members and
interested parties on the topics and issues surrounding reproducibility. A subset of DCDG members
formed a team that collected and annotated resources on various aspects of scientific reproducibility
and replicability. The resources the team reviewed were primarily articles appearing in top results from
a Google Scholar search, as well as resources cited within those initial results, dating from 2005 to the
present. A number of other relevant resources such as books, presentations, and websites were also
included.

The team divided the list of resources and each member was assigned as a reader who offered an
annotation or abstract of the resource. They also identified the top three issues and/or solutions shared
within each. These issues and solutions populated separate spreadsheets and given definitions based on
the literature.

The goals of this exercise were to:

1. Identify the variety of issues named as barriers to reproducibility

2. Identify solutions to such barriers

3. Reflect on how researchers, information professionals, and librarians perceive the
‘reproducibility crisis’

Although this was not a formal analysis of the literature, or a refined scientific experiment, this
information gathering exercise served to inform our group about the reproducibility crisis. The result of
DCDG’s work included here is an annotated list of 122 resources which were reviewed, and a primer
which identifies and defines key terms that surfaced in this exercise. These terms are a snapshot of our
interpretation of the resources when it was undertaken in early 2018.

When reviewing this list and the readers’ annotations, a formal rubric was not developed or required for
participation. Nor did members attempt to agree on definitions or classification. As each member
brought their own professional background to bear on their assessment of the themes in each resource,
we attempted to achieve a group understanding of a very broad issue with each participant contributing
their own perspective. Reporting these results is our desire to share our findings without any attempt to
filter understanding of each participant. Additionally, while most resources in this list acknowledged a
reproducibility problem on some level, we did not differentiate between ‘pro-crisis’ or ‘no-crisis’
authors. Group members read through each resource, identifying the primary problems or issues raised,
as well as any solutions proposed.

The final products the DCDG produced (as of October 2019) from this effort are publicly available at
https://doi.org/10.18434/M32150 They include:

® Reproducibility Resources: an annotated list of resources that were evaluated, with annotations
penned by DCDG members, with resource citations
® [ssues: a list of terms deemed as ‘issues’ or problems relating to reproducibility, with definitions
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® Solutions: a list of terms deemed as ‘solutions’ to the reproducibility issues, with definitions
® Metrics: tallies of how often each term was selected as a primary theme of the resource, the
resource dates, the scientific disciplines represented, and the types of resources reviewed

Resource metrics

Source information for this project consists of a variety of material types from numerous research
disciplines. In total, we reviewed 122 resources relating to reproducibility in research data. To provide
perspective on our source material, we include metrics for the resources selected for this project. The
bulk of our research was derived from scholarly journal articles (59 percent), but we also included other
sources such as books (4.1percent), presentations (0.8 percent), and websites (7.4 percent).

Resources Reviewed
122 Total © book4.1%, 5

book review 0.8%, 1
9_\ B blog post 3.3%, 4 B book section 0.8%, 1

E  conference paper 1.6%, 2

= webpage 7.4%,

report 4.9%,
presentation 0.8%, L\

B position paper 0.8%,
B podcast 0.8%, 1
B paper 0.8%,

B conference presentation 0.8%, 1

B editorial 6.6%, 8

B news article 5.7%, 7

B |etter 1.6%, 2

journal article 59%, 72

Figure 1: Resource types reviewed by the group varied, but consisted overwhelmingly of journal articles.

Most of the resources, about 93 percent, discussed reproducibility and pointed to or offered solutions
and best practices. A few, roughly 7 percent, pointed out reproducibility issues but did not speculate on
causes and/or offered no solutions.
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The compiled resources represent a broad sampling of items written for, or about, researchers within a
variety of disciplines. The majority of the resources address science in general, but the total number
reflects an impressive breadth of disciplines. They range from biomedicine to economics to psychology.
In all, the materials target over 20 different disciplines, all discussing or analyzing the issue of
reproducibility from their respective viewpoints.

While numerous, this collection does not represent an exhaustive list of resources. Therefore, this
compilation of resources, while annotated, does not constitute a proper ‘literature review’ in the typical
sense. There was no comprehensive selection of papers from any single discipline, nor were all scientific
disciplines represented. This analysis did not intend to favor any one discipline over another, as we
intended to gather more general information about reproducibility wherever the topic appeared in
various resources.

Disciplines Represented

B public and social B social sciences, 4

. & biology, 3
policy, 1 1olosy.

B psychophysiology, 1 .
W agriculture, 1

psychology;
neuroscience,

biomedicine, 15

W biostatistics, 2
W political science, 5
B business, 3

B neuroscience, 2 B chemistry, 1
r

 metrology, 1 e .
BY, M citizen science, 2

medical, 1
B economics, 3
management, 1
information
science, 1

. - .
B geospatial, 1 environmental, 1

B epidemiology, 2

Figure 2: Disciplines represented in the reviewed resources varied greatly - over 20 are represented in this exercise.

The resources reviewed date from 2005 to the present. Over 70 percent of these resources were
published between 2014 to 2017. The lack of articles for 2018 occurred because the group compiled
most of these resources in early 2018, at the start of the project.
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Figure 3. Charts showing the number of resources published in years 2005-2018. The top chart shows the numbers from the
DCDG resource list. The bottom charts publication counts from Nexis.com and Web of Science that contained ‘reproducibility’
or ‘replicability’ in the title, headline, or lead paragraph. The overall increase in publications on the topic from 2014-2017 is

similar both in the DCDG resources list, and publications indexed in the other two databases.

While the resources reviewed comprise only a fraction of what was published during that time period,
they do appear to be representative of that period. Results from other databases reflect a similar
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increase in publications on the topic of reproducibility during that same period. A search of Nexis.com
reveals the number of news items mentioning ‘reproducibility’ or ‘replicability’ in headlines or lead
paragraphs follow the same peak, from 2014 to 2017. Results from the science database Web of Science
(https://apps.webofknowledge.com/) show a steady increase in the publications indexed from 2005-
2018, with the highest being the latter years, 2017 and 2018.

Only one publication was added to our collection long after the others were gathered: the
aforementioned report by the National Academies of Science, which provides recommendations to
improve reproducibility and replicability in science.

Variety of issues and solutions

Many resources centered on the general problem of reproducibility and replicability, while others
focused more on specific causes of the reproducibility crisis. Of the 57 issues identified, the most
common problems or issues discussed in our cross-section of resources include: replicability (in 23
resources); reproducibility (20); reproducibility crisis (20); bias (10); cherry picking (10); publish or perish
(10); data sharing (8); data quality (7), and, researcher misconduct (6). The remaining 48 primary topic
issues presented in five or fewer of the reviewed resources.
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Figure 4: The nine (9) issues most frequently selected as a primary topic in the reviewed resources.

Solutions presented in the resources typically fell into three categories: best practices/standards;
transparency/sharing; and, culture. Solutions in the best practices category included general
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recommendations on how to conduct data management at different stages of the research. Solutions in
the transparency category covered topics about sharing methods and data. The culture category
comprised a broader look at research community behaviors and proposed methods for turning best
practices into regular practice. Many of the terms and definitions overlap, and many issues were also
selected as solutions. The scientific research community is diverse and complex. Ergo, the issues often
overlap and require a comprehensive view when considering solutions.

Of the 55 solutions identified, the most common solutions discussed in our resource list were:
experimental design (in 16 resources); transparency (16); code sharing (13); data sharing (13);
replication studies (13); publication policy (12); standards (12); best practices (11); methods sharing (11);
training (11); and, quality assurance (11). The remaining 44 solutions were selected as a primary topicin
ten or fewer of the reviewed resources.
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Figure 5: The eleven (11) most frequent solutions selected as a primary topic in the reviewed resources.
Primer of terminology and findings

Reproducibility issues or challenges

This exercise revealed many concepts surrounding research reproducibility, though several ideas
appeared much more frequently across the board. This section highlights some of the terms derived
from the reviewed materials and most commonly identified as reproducibility issues or challenges.
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Many of the reported issues relate to or feed off one another. In the terms defined below we note other
terms from the list that are related, where applicable. For a full list of the selected issues and their
definitions, review the related data file at https://doi.org/10.18434/M32150.

Replicability

Replication is the attempt to recreate the conditions believed sufficient for obtaining a previously
observed finding and is the means of establishing reproducibility of a finding with new data (Open
Science Collaboration, 2015). [Related terms: reproducibility; repeatability]

Reproducibility

Reproducibility measures whether a study or experiment can be reproduced in its entirety. To achieve
adequate reproducibility, studies implement measures to support verification of research, including, for
example, sharing data and methods. No single factor or method alone achieves reproducibility in a
study, and likewise, many factors can result in a study with poor reproducibility (Munafo et al., 2017).
[Related terms: replicability; repeatability]

Reproducibility crisis

The reproducibility crisis is defined as widespread failure to replicate the results of experiments and
studies (Weir, 2015). While many acknowledge the problem and see a need for research and
experimental reform, many people debate the reproducibility problem as exaggerated (Baker, 2016c).
Bias

Bias includes prejudice in favor of or against one thing, person, or group compared with another, usually
in a way considered unfair. Two common types of bias in research studies are confirmation bias and
hindsight bias. Confirmation bias promotes the tendency to focus on evidence that is in line with our
expectations or favored explanation. Hindsight bias is the tendency to see an event as having been
predictable only after it has occurred (Munafo et al., 2017). [Related terms: cherry picking; replication
studies (solution)]

Cherry picking
Cherry picking data includes suppressing evidence, or the fallacy of incomplete evidence by pointing to

individual cases or data that seem to confirm a particular position or statistical significance, while
ignoring a significant portion of related cases or data that may contradict that position (Baker, 2016a).
[Related terms: bias; P-hacking]

Publish or perish
‘Publish or perish’ is a phrase coined to describe the pressure in academia to rapidly and continuously

publish academic work to sustain or further one’s career. Frequent publication is one of the few
methods at scholars’ disposal to demonstrate academic talent. The desire or need to publish work at a
near-constant rate can lead to problems in reproducibility, and can lead to issues concerning selective
reporting, also known as ‘cherry picking’ (Baker, 2016a). [Related terms: incentives; publication policy
(solution); culture shift (solution)]

Data sharing
Definition is included alongside ‘Code sharing’ in the Solutions section below, as it appeared as both an

issue and solution in this analysis.
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Data quality
Many definitions and factors determine data quality. However, data ‘fit for their intended uses in

operations, decision making and planning’ are generally considered high quality. Incorrect or incomplete
data used to influence decision-making minimizes accuracy and strategic advantage (Redman, 2008).
Bad or low-quality data can result from many avenues, including negative cultural influences such as
‘publish or perish’ as well as researcher misconduct, bias, P-hacking, or cherry picking data, among
others. [Related terms: validation; trust; quality assurance (solution)]

Researcher misconduct
‘The National Science Foundation (2001) defined scientific misconduct as fabrication, falsification, or

plagiarism in proposing, performing, or reviewing research or in reporting research results. Such
misconduct is committed intentionally, knowingly, or in disregard of accepted practices. Fabrication of
data involves totally inventing a data set, while falsification refers to manipulation of equipment or
changing data such that the research is not accurately represented in the research report’ (Stroebe,
Postmes and Spears, 2012). [Related terms: trust; data quality]

Potential solutions to the reproducibility crisis

While many potential solutions to reproducibility issues appeared throughout the reviewed resources,
here we highlight some of the terms appearing the most frequently, or which we felt were important. As
with the reproducibility issues discussed above, many of these reported solutions intersect. It is
worthwhile to reiterate that many of the terms and ideas encountered during our research appeared as
both issues and solutions—such as publication policy, incentives, training, data sharing, and data quality.
For example, lack of ‘data sharing’ is cited as a hindrance to reproducibility. Others cite ‘data sharing’ as
a potential solution. Again, where applicable, we append other terms to these definitions that are
related to those we highlight here. For a full list of the selected solutions and their definitions, review
the related data file available at https://doi.org/10.18434/M32150.

Experimental design
Experimental design aims to describe or explain the variation of information under conditions that are

hypothesized to reflect the variation, and use this knowledge to collect more accurate data (Aceves-
Bueno et al., 2017). A framework for a systematic process to guide researchers and reviewers in
assessing, documenting, and mitigating the sources of uncertainty in a study enhance comparability and
reproducibility (Plant et al., 2018). Experimental design features should enhance, or facilitate inference
about, the reproducibility and generalizability of the expected results (Wirbel, 2017). [Related terms:
pre-registration of results; case study]

Transparency
Simply put, transparency means ‘provable to the outside’ (Bartling and Fecher, 2015). Transparency is

the basis of open science, which refers to the process of making the content and process of producing
evidence and claims clear and accessible to others. Transparency is a scientific ideal, and adding ‘open’
should therefore be redundant (Munafo et al., 2017). [Related terms: open review; open science; data
sharing; code sharing; methods sharing; trust (issue)]
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Data sharing, code sharing
Studies and research that implement data sharing support verification of research and conduct

alternative analysis. Sharing data in public repositories offers field-wide advantages in terms of
accountability, data longevity, efficiency and quality (Peng, Dominici and Zeger, 2006). Likewise, code
sharing provides discovery and access to the details of computational analysis including programming
code and data (Gezelter, 2015). These terms appear as both issues and solutions, since lack of sharing
creates reproducibility issues. [Related terms: Data Discovery Index; methods sharing; open science;
transparency]

Replication studies
Somewhat related to experimental design, replication is a term referring to the repetition of a research

study, generally with different situations and different subjects, to determine if the basic findings of the
original study can be applied to other participants and circumstances (Gezelter, 2015). Replication
studies also help identify potential biases in the original study and serve as a basis for confirming or
disconfirming prior findings (Spector, Johnson and Young, 2014) (Camerer et al., 2016). [Related terms:
collaborative replication; replication files; reproducible research standard (RRS); bias (issue)]

Publication policy
Journals have power to enforce transparency and reproducibility through their review and publication

policies. This could help establish and enforce best practices. For instance, journals could require
authors to register reports in advance so that the study protocol and analysis plan is locked in place
before data collection even begins, and scientists should be encouraged to store methods, data, and
code in repositories to help other groups reproduce experiments. One source suggested 5 to 10 percent
of research funding should be spent on replication studies, and journals should devote more space to
replication studies and null results (McNutt, 2014) (Begley and loannidis, 2015). [Related terms: data
citation; funding agency requirements; incentives (issue); open review; public access; publish or perish
(issue)]

Standards
Standards comprise the fundamental reference for a system of weights and measures, against which all

other measuring devices are compared. Standards contribute to improved research practices and
promote positive change (Capes-Davis and Neve, 2016). [Related terms: best practices; metrological
standards; reporting guidelines; reproducible research standard (RRS)]

Trainin

Open Sgience, the movement to make scientific products and processes accessible to, and reusable by
all, relies on culture and knowledge as much as it does on technologies and services. Convincing
researchers of the benefits of changing their practices, and equipping them with the skills and
knowledge needed to do so can happen through training and education. A recommendation from citizen
science states that “Training, in particular, has been shown elsewhere to enhance accuracy and
credibility (Freitag, 2016, Kosmala, 2016). [Related terms: best practices; standards; trust (issue)]
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Quality assurance
Quality is an encompassing term comprising utility, objectivity, and integrity (National Institute of

Standards and Technology, 2009). Whether in a laboratory setting or defining a quality system, quality
assurance is the “system of activities whose purpose is to provide to the producer or user of a product
or a service the assurance that it meets defined standards of quality with a stated level of confidence”
(Taylor, 1987). Implementing quality assurance may involve a variety of checks for data completeness,
validity, consistency, precision, and accuracy, among other aspects of the data (Wiggins et al., 2011).
Research units often take an ad-hoc approach to methods and workflow, but standardizing operations
and following certified protocols increases confidence in research results (Baker, 2016b). [Related terms:
standards; best practices; data quality (issue); trust (issue); validation (issue)]

Incentives
Rewards for publishing, often tied to showcasing certain results, comprise the biggest challenge to

widespread adoption of open data. Conversely, well-conceived incentives may also provide solutions for
increased reproducibility. If journals in particular regulate and highlight incentives for research practices
promoting reproducibility, researchers will more widely adopt these positive practices (Gezelter, 2015)
(Begley and loannidis, 2015). [Related terms: funding agency requirements; publication policy; publish
or perish (issue)]

Culture shift
An overarching theme with regard to reproducibility solutions boils down to a culture shift throughout

the research endeavor and data gathering. Culture shift encompasses changing beliefs, behaviors, and
outcomes. Industries must broadly address their practices at all stages of data collection, processing,
publication, dissemination, and preservation to make reproducibility commonplace (Baker, 2016b).

Opportunities for future study

The resource list and primer presented here are an introduction to the landscape of the reproducibility
crisis. The terms are defined broadly and remain at surface-level with regard to the topics described.
While the final resource list contains annotations with key terms and definitions, more targeted
research will uncover more nuances of specific problems and solutions. Subject-specific analysis of
reproducibility, as well as further and more honed examination of any of the issues and/or solutions
may produce additional understanding.

The work of this group is only the beginning for DCDG and other data and information managers.
Numerous opportunities for future research studies remain. Such work could underpin the formation of
other resources for those pursuing study of this topic, and for those who wish to improve reproducibility
as a means to increase confidence in science within their own organizations.

This collection of annotated resources spans the past fourteen years, with the bulk published in the last
decade when digital methods have been the norm for scientific research. While digital data and modern
computing and modeling practices certainly may cause their own unique reproducibility issues, an
analysis of research practice in earlier literature may reveal more clarity into the scope and depth of
these problems (Bastian, 2016). As new research data insights, trends, and studies emerge, this resource
list and primer should be updated to reflect the latest information that pertains to the reproducibility
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crisis. In addition to adding more literature to the existing compilation of resources, performing more in-
depth exercises with these resources—such as textual analysis—may uncover new insights that can
accurately inform training or education strategies to increase reproducibility.

Conclusion

The issues surrounding reproducibility present great challenges. Comprehending the numerous,
nuanced causes within this exercise sometimes seemed insurmountable. While potentially
overwhelming, our group made strides to understand the issues, root causes, and history of the
reproducibility crisis in order to create a guide for ourselves. Many organizations and individuals who
recognize research reproducibility as an issue may not currently have the knowledge or resources to
effect significant change. However, in summarizing a portion of the available literature on this topic, it is
our hope that information professionals now have a better starting point to begin incremental change in
promoting reproducible research.

Ultimately, we concluded that because the reproducibility crisis stemmed from such a wide variety of
causes, stakeholders must take a multi-pronged approach to tackling the problem. A culture shift across
all branches of research must occur to reverse the distrust this crisis has engendered. In moving
forward, we must also realize our limitations. As data managers and librarians, many reproducibility
issues stem from actions that occur prior to or after our typical involvement with the research. We
recognize that we can facilitate reproducibility from within our own roles. Given our positions as
information professionals reflecting on the nature and scope of these reproducibility issues, our
objective should involve education, training, and building awareness.

For example, as data managers, we may not write data management plans, but we do share information
and guidelines about how to write, curate, and archive them. We do not generate the data that results
from research, but we can assist with organizing data, finding documentation standards for data,
creating proper metadata, and assist in building and managing trusted repositories for the data. We do
not format or publish the data, but we can share best practices for FAIR data, thereby contributing to
research data that is Findable, Accessible, Interoperable, and Reusable (Wilkinson, 2016). Even from our
set positions we can take concrete steps to aid and influence activities that move toward the goal of
reproducibility. Increasing education and awareness within our fields helps the cause.

Common past practice may have seen librarians contributing to the scientific endeavor in very limited
ways, such as assisting with initial literature access and reviews, or as cataloging and preserving
reported scientific results. However, the evolution of modern scientific research has, as discussed above,
opened up a number of roles for library, information, and data professionals throughout the entire
scientific research lifecycle. Our participation can positively impact scientific reproducibility and
replicability. First, we must understand the issues, and this paper is one contribution to develop that
understanding. Next we should apply that comprehension to aid our colleagues across research
disciplines.
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