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Abstract

This paper analyzes Wikipedia’s representation of the Nobel Prize winning CRISPR/
Cas9 technology, a method for gene editing. We propose and evaluate different heuristics
to match publications from several publication corpora against Wikipedia’s central article
on CRISPR and against the complete Wikipedia revision history in order to retrieve fur-
ther Wikipedia articles relevant to the topic and to analyze Wikipedia’s referencing pat-
terns. We explore to what extent the selection of referenced literature of Wikipedia’s cen-
tral article on CRISPR adheres to scientific standards and inner-scientific perspectives by
assessing its overlap with (1) the Web of Science (WoS) database, (2) a WoS-based field-
delineated corpus, (3) highly-cited publications within this corpus, and (4) publications ref-
erenced by field-specific reviews. We develop a diachronic perspective on citation latency
and compare the delays with which publications are cited in relevant Wikipedia articles to
the citation dynamics of these publications over time. Our results confirm that a combina-
tion of verbatim searches by title, DOI, and PMID is sufficient and cannot be improved
significantly by more elaborate search heuristics. We show that Wikipedia references a
substantial amount of publications that are recognized by experts and highly cited, but that
Wikipedia also cites less visible literature, and, to a certain degree, even not strictly scien-
tific literature. Delays in occurrence on Wikipedia compared to the publication years show
(most pronounced in case of the central CRISPR article) a dependence on the dynamics of
both the field and the editor’s reaction to it in terms of activity.

Keywords Wikipedia - Publication matching - CRISPR - Timeliness - Relevance -
Bibliometrics

Introduction

For some time now, the bibliometric community has been increasingly engaging with

new data sources, often involving new databases or, as in the case of Altmetrics, social
media such as Twitter. Wikipedia, however, receives less attention as a format of science
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communication and knowledge transfer. Yet Wikipedia is one of the most widely used
internet sources and strongly connected to the scientific publication system: According to
Wikipedia’s own guidelines, all science-based claims must be supported by scientific refer-
ences, preferably secondary over primary sources.' First evidence, based on text similarity,
points to the possibility that Wikipedia might in turn also have an impact on the produc-
tion of new scientific publications (Thompson & Hanley, 2018). Doubts about the validity
remain (Jelmeniak & Aibar, 2016), especially given the fact that editors are not expected
to necessarily have academic credentials. Nevertheless, Benjakob and Aviram (2018) argue
that the collective editorial process could be similar to academic review. Based on these
guiding principles and further hints, Wikipedia could be very well compared to a Living
Review (Elliot et al., 2014).

This raises the question to what extent Wikipedia, with its specific governance struc-
tures, produces output that in fact resembles familiar formats of scientific publication—
and where it differs significantly. Our aim is to explore Wikipedia as a format of science
communication, focusing on the analysis of the referenced literature in Wikipedia articles.’
Several quality dimensions, such as comprehensiveness, accuracy, and currency, have
been proposed as evaluation measures. The quality of Wikipedia articles has been initially
approached rather qualitatively in comparison to other encyclopedias. However, for an
assessment of the reference structures we need more specific analyses both on conceptual
and technical levels.

Case study

Our first methodical decision is to base our research setting on a case study, which facili-
tates an explorative approach in terms of methods as well as content, as the distinct subject
matter makes it easier to look at details where appropriate. For this purpose we chose the
scientific innovation of CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR associated protein 9). Since innovation processes are characterized by
the fact that they transfer scientific knowledge into application contexts and thus connect
further areas of society and public perception, Wikipedia is an interesting format in this
regard. Innovation processes are also often characterized by a temporary acceleration of
dynamics, which makes an interesting case for Wikipedia’s promise of timeliness and con-
stant updating. The chosen innovation, a new gene editing technology based upon an adap-
tive immune system of e.g. bacteria, for which Jennifer Doudna and Emmanuelle Charpen-
tier received the Nobel Prize for Chemistry 2020, began more than twenty years ago and
has left a long paper trail of scientific publications. It provides the necessary material as
well as temporal scope for our endeavor.

Relevance

Quality dimensions applicable to the coverage (or selection) of referenced literature are
comprehensiveness and relevance. Both dimensions are currently not straightforward
to operationalize. What would comprehensiveness mean given the size and internal

! https://en.wikipedia.org/wiki/Wikipedia:Reliable_sources#Primary,_secondary,_and_tertiary_sources.
2 Qur paper is part of a larger project on science-communication through Wikipedia, with another project
on CRISPR-related controversies about micro-notability on Wikipedia.
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differentiation of the knowledge body on CRISPR? Relevance reflects the publications’
significance and importance for audiences, potentially dependent on further contextual
factors. Coverage policies of databases as well as secondary publication formats can be
understood as relevance decisions. This quality dimension is often exchanged with impact,
resulting in models with high impact journals as predictor variables for Wikipedia ref-
erences (Teplitskiy et al., 2015). While this may be a pragmatic solution for large-scale
studies, the proxy character of this metric is particularly indirect. In order to assess this
dimension and thus the resemblance of Wikipedia’s inclusion practices to that of scien-
tific sources and resources in absence of a gold standard, we use a comparative approach:
As part of our methodical settings, we relate the references of Wikipedia’s central article
on CRISPR to several layered reference corpora. On the broadest level, we investigate to
what extent the literature selection of Wikipedia’s central article on CRISPR? is covered
by the Web of Science (WoS) and corresponds to a basic field delineation of publications
on CRISPR in the WoS, i.e., we use the inclusion in WoS as one possible standard deline-
ation of scientific literature as such and assess the proximity to the core subject. As it is a
specific feature of Wikipedia that its audience extends to the general public, this could be
reflected in how often scientific versus other publications are referenced. As additional per-
spectives we assess to which extent references of the central CRISPR article concur with a
basic bibliometric metric on the one hand and with the references of a selection of review
papers on the other, this way complementing a metric perspective with a more semantic
and diachronic perspective.

Timeliness/Latency

As a central dimension of our analysis, we explore latency based on an expanded set of
CRISPR-related Wikipedia articles. In particular, we analyze how quickly references to
publications occur for the first time on one of these sites, and if they are picked up at the
same time or with additional delays between Wikipedia articles. Additionally, the date of
first occurrence is also related to the citation distributions of these publications in WoS. We
assess the recognition delay by Wikipedia editors in relation to the delay of the citing com-
munity. Special focus is on the dates and occurrence patterns of seminal publications that
we have found as being crucial for the course of the innovation, so that the quality dimen-
sion is also included in this part of our analysis. This heuristic delineation is based on both
the central Wikipedia article’s history section and the review papers, thereby avoiding the
prioritization of a resource here.

Technical

On a technical level, we developed and validated a number of matching heuristics in order
to find references and, in particular, to reliably identify their first occurrence within thou-
sands of article revisions. We decided to match external data against Wikipedia instead
of extracting Wikipedia’s references and matching them against external resources. The
motivation behind this decision is to (1) to prohibit our analysis from being affected by
assumptions about the coherence of reference formatting styles on Wikipedia, and (2) to
prohibit the exclusion of references cited solely in the text. Finally, the case study format,

3 https://en.wikipedia.org/wiki/CRISPR.

@ Springer


https://en.wikipedia.org/wiki/CRISPR

Scientometrics

with still manageable publication and data numbers, allows us to delve deeper into certain
phenomena and issues related to data quality and referencing patterns on Wikipedia. We
expect that the findings obtained will also be instructive for macro studies.

Related research

Related research on science communication on Wikipedia often focuses on quality
dimensions, such as comprehensiveness, currency, readability, or accuracy (Mesgari
et al., 2015). The latter was addressed early on in various case studies. For example,
Giles (2005) compared selected Wikipedia articles with the Encyclopedia Britannica
and concluded that Wikipedia comes close to the expert-written traditional encyclo-
pedia in terms of accuracy. This finding was confirmed by Casebourne et al. (2012).
Reavley et al. (2012) offer similar insights from a field-specific study using the Ency-
clopedia Britannica, textbooks, as well as other sources for comparison: Content was
rated according to accuracy, up-to-dateness, breadth of coverage, referencing, and read-
ability, with Wikipedia being generally most highly rated except in terms of readability.
In another case study on climate science, Estevez and Cukierman, (2012) found that
Wikipedia tends to reflect hegemonic scientific consensus. Garcia del Valle et al. (2018)
evaluate Wikipedia as a data source for text mining, with a positive outcome: They
show that the similarity between diseases calculated with data from Wikipedia has a
precision similar to what was obtained using PubMed. Joorabchi et al. (2020) investi-
gate whether medical Wikipedia articles link to the Cochrane database, concluding that
more important articles are more likely to cite a Cochrane review. They also propose a
linking tool to Cochrane to assist Wikipedia volunteers. Arroyo-Machado et al. (2020)
compare at large scale the scientific literature referenced in Wikipedia to Scopus and
conclude that certain fields have a stronger relative performance in Wikipedia than in
Scopus. Colavizza (2020) determines that Wikipedia represents the topical structure of
COVID literature in a proportionate manner, based on several clustering and topic mod-
eling approaches. However, Grabowski and Klein (2023), in a recent paper that has also
been discussed in the general media, claim a distortion of historical facts by a group of
biased editors. Several approaches focus on predictors for referencing patterns or cor-
relations between citations from Wikipedia and established science metrics: Teplitskiy
et al. (2015, 2017) name the impact factor and open access as the most significant pre-
dictors for citations to journals on Wikipedia. Colavizza (2020) identifies certain publi-
cation venues, primarily popular field-specific journals (Lancet, BMJ) as well as mega
journals (Science, Nature) in his recent study on COVID-19, besides citation counts and
Altmetrics. Jemielniak et al. (2019) determine that the Cochrane Database, followed by
top journals like NEJM, Lancet and Nature, are the most referenced in Wikipedia medi-
cal articles. In a study on Psychology journals, Banasik-Jemielniak et al. (2021) observe
a significant positive association between the Scimago Journal Ranking and citations to
journals in Wikipedia. Besides, there is evidence that publication types other than jour-
nal articles are also referenced, as Benjakob and Aviram (2018) show in a case study on
a small research strand. However, according to Singh et al. (2021), who take a macro
perspective, unspecified web content is cited more often than journal articles or books.
Arroyo-Machado et al. (2020) observe at the journal level a similar distribution to Sco-
pus. Shuai et al. (2013) observe that papers, authors, and topics that are mentioned in
Wikipedia have higher academic impact than those that are not mentioned. From the
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opposite perspective (but not restricted to scientific contents), Redi et al. (2019) identify
in a mixed-methods approach sentences in Wikipedia that need citations. Not surpris-
ingly, they conclude that these are historical facts, statistics or data about a subject, or
direct or reported quotations. However, Wikipedia citations are considered as being too
rare to be used for an alternative impact indicator (Kousha & Thelwall, 2017).

The reports on citation latency present a mixed picture. For the top biomedical jour-
nal papers in the study by Jemielniak et al. (2019) on medical Wikipedia articles, it took
only about three months to be referenced in Wikipedia. However, Banasik-Jemielniak et al.
(2021) observe an average of 6,176 days for a psychology publication to be referenced in a
Wikipedia article, but this long time is partly explained by the fact that works are included
that have been published before Wikipedia started. The authors explain the substantial var-
iance across journals with the assumption that research topics which are more interesting
for lay readers are much quicker transferred to Wikipedia. From the fine-grained perspec-
tive of a case study on a very small research field (the circadian clock), Benjakob and Avi-
ram (2018) report a medium citation latency of five years. They pay specific attention to
the partly belated recognition of some key findings, which they see largely in accordance
with the dynamics of the respective field. According to Colavizza (2020) in his large-scaled
study on COVID, the newly inserted references indeed mostly refer to the surge of COVID-
related research in 2020, but he also observes that gaps in older literature are filled at the
same time. In an early study dedicated to the development of a protocol for characterizing
the referencing dynamics Chen and Roth (2012) suggest a non-trivial interaction between
article length, age (in terms of the number of revisions), and reference density. A probable
factor may be that the substantiation of articles reinforces itself, e.g. by attracting qualified
and committed editors. In order to analyze whether varying latency is connected to the spe-
cific properties and dynamics of research strands, we consider an explorative approach on
the domain level as very appropriate.

Other research approaches address conditions under which references are clicked (Pic-
cardi et al., 2020), as well as feedback loops from Wikipedia back into scientific text
production (Thompson & Hanley, 2018). In addition, the related datasource Wikidata
has been proposed and researched as a resource for scientific information tracing (Turki
et al., 2022). References in Wikipedia are often extracted or matched via identifiers such
as DOI or PMID (Colavizza, 2020). This also applies to the datasets published by Redi
and Taraborelli (2018) and Singh et al. (2021), the latter dataset also being used by Yang
and Colavizza (2021). The extraction and matching details are not always elaborated (e.g.,
Arroyo-Machado et al., 2020; Priem et al., 2012). By contrast, Zagorova et al. (2020) com-
pare in a large-scale analysis a text-based approach based on complete references with the
sole usage of identifiers.

However, not only is their setting restricted to a single textual approach, but it is also
limited to references categorized by Wikipedia as such, that is, excluding informal refer-
ences in text segments. Pooladian and Borrego (2017) retrieve Wikipedia references in the
library and information science domain manually, and note a lack of standardization and
incompleteness of Wikipedia references.

Therefore and in extension of an earlier work (Schmidt et al., 2021), in order to assess
Wikipedia’s referencing accuracy in more detail and to be able to gauge the required level
of error tolerance in matching publications to Wikipedia, we develop and manually eval-
uate different exact and fuzzy matching heuristics based on identifiers, titles, and author
data. We match against Wikipedia references as well as against text segments, and we
evaluate the matching results with respect to the number of matches, precision values, and
delays. Apart from this methodical dimension, we expand the state of research with a better
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understanding of how referencing patterns in Wikipedia evolve over time, and how they
relate to internal perspectives on a field, based on a differentiated bibliometric perspective
on the CRISPR/Cas9 case.

Materials and methodology

The initial analysis shows that the formatting of references varies significantly between
articles (and even between revisions of the same article) and that publications can also
be cited in the text instead of in the article’s reference list. While recent revisions of arti-
cles usually apply Vancouver style for the formatting of references, Wikipedia does not
have a single house style but expects the editors to use a consistent style within articles,
which results in citation styles changing over the course of an article’s history. To avoid
limiting ourselves to the extraction of references, we focus on the development of heuris-
tics for matching external publications against Wikipedia. In a first step we created two
small corpora—highly cited publications and references of a selection of review papers—
to be matched with the central Wikipedia article on CRISPR in order to evaluate different
matching methods (Study (a)). Having found that DOI and PMID are quite effective, we
collected additional Wikipedia candidate articles by comparing the DOIs and PMIDs of all
publications in a larger, field-delineated input corpus with all revisions of all articles in the
English Wikipedia (Study (b)). From all potentially suited Wikipedia articles we select the
most relevant ones and extend the first study by matching all publications in the large field-
delineated corpus against the selected articles (Study (c)) and evaluate all heuristics. Fig. 1
gives an overview of the research design.

Materials

The Accounts Corpus comprises publications referenced in predominantly secondary lit-
erature formats, such as reviews and short communications. These accounts present and
discuss the development of CRISPR, providing experts’ and stakeholders’ perspectives
on which publications were relevant for the innovation process. To create this corpus, we
searched Google Scholar for the terms "crispr history", "crispr development", and "crispr
discovery" and, based on Google’s relevance ranking, reviewed the search results pages
until no relevant publications were found in a series of consecutive pages. 13 publica-
tions that contain history sections were discarded because they did not focus on the his-
tory of CRISPR. The resulting sources were supplemented by three CRISPR timeline web
resources, obtained by searching for "crispr timeline" on Google and reviewing the search
results pages accordingly. We extracted the references from the 29 resulting sources via
WoS or extracted the references manually in the case of the timeline documents, and sup-
plemented this copus by the sources themselves.

In order to represent a topical perspective, publications containing "crispr'—as a highly
distinctive term—in the title are searched in WoS and are defined as the core field. As
a second layer, we add publications that contain "crispr" in their abstracts. For a third
layer, representing influences and effects, we delineate publications where the proportion
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Corpora of Publications Corpora of Wikipedia Articles Results / Findings
Study (a) 1,183 papers D + Precision of exact matching with
; A .
" . . 500 papers < * Recall of exact matching with DOI
Wikipedia CRISPR article WospH?ghly Gited Corpus x 8 2,123 article revisions and PMID: 0.99
343 papers « DOI a.nd PMID-based matching
shared between both corpora sufficient for candidate retrieval
Study (b)
Knowledge-based retrieval — %
of further candidate articles x 15,916,644 articles @
in the field of CRISPR ¥ 20,585 papers S 5;4 X ;
Field Corpus. B EUEIEHD 849 Wikipedia
(complete English Wikipedia) CRISPR candidate 10 highly
articles relevant articles
Study (c)

+ Exact matching heuristics using

Assessment of matching — D e title, DOI, and PMID best, DOI and
- . CRISPR main article
heuristics and citation o _) PMID-based matching satisfactory
latency analysis against the ¥ 20,585 papers X 10 highly relevant articles « Occurrence delays due to field
T

11 Wikipedia articles Field Corpus dynamics and editorial activity

Legend: Fuzzy matching of title and authors between published papers and Wikipedia articles.
X Exact matching of DOI, and PMID between published papers and Wikipedia articles.
X Exact matching of title, DOI, and PMID between published papers and Wikipedia articles.

Fig. 1 Overview of the research setting. From the pilot study (a), we learn the effectiveness of our algo-
rithms for fuzzy and verbatim matching. With study (b), we identify the 10 most relevant CRISPR articles
in Wikipedia besides the central article. Study (c) then forms the actual main analysis, where we quantify
when and how the papers of the field corpus are considered in Wikipedia

of references or citations to the core field compared to the total references or citations is
higher than 30 percent and thus forms a substantial connection. The number of publica-
tions in this Field Corpus amounts to 20,585 # From this corpus, another smaller and more
specific one is derived: the WoS Highly Cited (HC) Corpus. To provide an impact per-
spective, especially in contrast to the historically oriented accounts, we sort this corpus by
absolute citation counts and cut off at 500 publications. This number corresponds to the
volume of references in the central article (whose uncleaned number amounts to 455 titles,
see below). The reason for not using citation windows here is due to the particular dynam-
ics of our ’innovation setting’, where early publications are not necessarily highly cited
from the start but typically contribute a considerable number of citations over time. We
also decided against standard field-normalization based on WoS subject categories because
of the volume of publications in high-impact multidisciplinary journals. The corpora of
1183 Accounts and 500 HC publications overlap: The deduplicated number of publications
is 1340, 343 publications are contained in both corpora. 309 publications of the historical
Accounts Corpus are not part of the field delineation. Both corpora are exploratory, and,
to some extent, pragmatically defined, as we do not yet know much about what determines
reference structures in Wikipedia, especially in case of innovations.

All revisions of the CRISPR article were downloaded using the MediaWiki API, col-
lecting the HTML versions of each revision’s page (2123 revisions as of 31 May 2021).
Each revision has a unique revision timestamp, text sections (headings, paragraphs, cap-
tions, tables, lists), the reference sections (References, Further Reading), and additional
metadata.

4 On a frozen version of the WoS raw database from April 2020, to ensure reproducibility. Subsequent cal-
culations, e.g., citation counts, are based on the respective version from April 2021.
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Pilot study (Study (a))

In the first step, we develop and validate heuristics for matching publication corpora
with the English Wikipedia in a pilot study. To cope with typos (which are often inserted
by editors) we developed heuristics for literal and fuzzy reference matching with varying
degrees of precision. Verbatim heuristics match titles, DOIs, and PMIDs of the publica-
tions against the entire article text including all references. All strings are converted to
lowercase ASCII, alphanumeric normalization is additionally used for title matching. The
fuzzy matching heuristics match the publications’ titles with extracted references and allow
for normalized edit distances of 0.2, 0.3, and 0.4. In particular, they consider author match-
ing strategies such as the publication-to-reference-author ratio, the Jaccard Index of publi-
cation and reference authors, and a new author order score. In the new score, each author of
the publication is assigned a gain equal to its position in the inverted list of authors divided
by its actual position, with the sum of all values being the ideal score. Then, the authors of
a given reference are evaluated in turn, receiving the same value if they match the author
of the publication in the respective position and losing that value if not. The author order
score is normalized by the ideal score. Figures 1 and 2 shows all matching heuristics at
work. Due to their idiosyncratic nature, DOI and PMID matches are accepted without fur-
ther verification; verbatim title as well as all fuzzy heuristics are validated independently
by the authors for all cases not identified by either DOI or PMID in the same revision.

The computation of the exact precision and recall values for the heuristics requires a

References [edit]

1. ~ Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
. . Verbatim match for "CRISPR provides acquired
Moineau S, et al. (March 2007). "CRISPR provides acquired resistance against viruses in prokaryotes",
resistance against viruses in prokaryotes". Science. 315 "10.1126/science.1138140" or "17379808"
(5819): 1709-1712. Bibcode:20075Sci...315.1709B Correctly matching "CRISPR elements in Yersinia

doi:10.1126/science.1138140. PMID 17379808. pestis acquire new repeats by preferential
uptake of bacteriophage DNA, and provide
. ™ Pourcel C, Salvignol G, Vergnaud G (March 2005). "CRISPR additional tools for evolutionary studies” by
elements in Yersinia pestis acquire repeats by preferentlal Pourcel, Salvignol, and Vergnaud with a

uptake of bacteriophage DNA, provide additional tools for normaized edit distance < 0.2 (0.072)
evolutionary study". Microbiology. 151 (Pt 3): 653-663
~ Hwang WY, Fu 'Y, Reyon D, Maeder ML, Tsai SQ, Sander |D
Peterson RT, Yeh JR, Joung JK (March 2013). "Efficient genome

editing in zebrafish using a CRISPR-Cas system". Nature Looking for "A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity” by Jinek, Chylinski,
Biotechnology. 31 (3): 227-229. doi:10.1038/nbt.2501. Fonfara, Hauer, Doudna, and Charpentier. Author ratio score (1.0)

~

Incorrectly matching “Efficient genome editing in plants
using a CRISPR/Cas system" by Feng, Zhang, Ding,
Liu, Yang, Wei, Cao, Zhu, Zhang, Mao, and Zhu with a
normalized edit distance < 0.2 (0.118)

L

4. ~ Chylinski K, Jinek M, Fonfara I, Hauer M, Doudna JA, and Jaccard index (1.0) ignore inversion of first and second author,
Charpentier E (August 2012). "A programmable dual-DNA- whereas author order score penalizes it heavily (-0.479).

guided RNA endonuclease in adaptive bacterial immunity" Looking for "Clustered regularly interspaced short palindrome
~ . repeats (CRISPRs) have spacers of extrachromosomal origin”
Science. 337 (6096): 816-821. PMID 22745249 by Bolotin, Quinquis, Sorokin, and Ehrlich. Author ratio score

5.~ Doe J, Dae J, Bolotin A, Quinquis B, Sorokin A, Ehrlich SD (1.0) misses incorrect author list, Jaccard index (0.667) and
" i author order score (-0.413) penalize surplus authors and incorrect
(August 2005). "Clustered regularly interspaced short order respectively.
palindromic repeats (CRISPRs) have spacers of

Looking for "Multiplex genome engineering using CRISPR/Cas
extrachromosomal origin". Microbiology. 151 (8): 2551-2561. /‘_{systenfs by chg Ra?LCox‘ L|n?Barretlg Haﬁ). Hsu, Wu

6.~ Cong L, Ran FA, Cox D, Lin S, Barretto R, Hsu PD, Habib N, <& Jiang, Marraffini, and Zhang. Author ratio score (1.0) and
Jaccard index (1.0) are oblivious to change in order, author order
Wu X, Jiang W, Marraffini LA, Zhang F (February 2013). score tolerates inversion of sixth and seventh author (0.865).
"Multiplex genome engineering use CRISPR/Cas systems".
Science. 339 (6121): 819-823. PMC 3795411.

Fig.2 Examples showcasing the verbatim and fuzzy heuristics; divergent data underlined

manual analysis of the 2123 revisions and had to be omitted. Instead, we use an approx-
imate value for the total number of correct items based on an analysis of references
extracted from the central CRISPR article, which is primarily intended for the relative
assessment of the heuristics. We also need to assess whether and to which extent we have
missed referenced publications and hence analyze the references that are not in the input
corpora. To this end, we manually checked and deduplicated all titles, DOIs, and PMIDs
extracted from all references throughout the article’s entire revision history, resulting in
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Fig.3 Aurticles in the Wikipedia dump from June 2021 for which more than five publications from the bib-
liometric field delineation of 20,585 publications match the DOI or PMID over their entire revision history.
The articles are sorted from top to bottom by descending number of maximum matched publications. The
bars indicate the maximum number of publications for each month of their revision history

327 DOIs, 308 PMIDs, and 455 titles. We examined this data using a reverse matching to
WoS and Scopus: Titles are again matched in alpha-numerical lowercase ASCII, DOIs and
PMIDs verbatim, ambiguous results (mostly involving meeting abstracts and articles) are
manually resolved. The respective Scopus item IDs are mapped to WoS, and the remaining
title strings are manually searched on the Internet and in WoS, resulting in 333 unique WoS
items, including one false positive. The comparison of matching and reverse matching does
not show false negatives, and only one publication was missed by the reverse matching.
Although this is almost completely consistent with our matching, it must be taken into
account that the reverse matching is based on the extraction of titles, DOIs and PMIDs and
is therefore not completely independent of the original matching.

Candidate article retrieval (Study (b))

In a second step, we select, in addition to the central article, a set of ten CRISPR articles
that are also highly relevant to the topic. This selection is based on knowledge about the
matching heuristics plus further analytical steps.

From the pilot study we learn that the number of matched publications can hardly be
improved when applying the heuristics DOI, PMID, and title in a combined fashion; in
fact, DOI and PMID are already very effective. We hence perform a search of the complete
Field Corpus across the entire Wikipedia revision history to find further articles relevant to
CRISPR with these two identifiers. The analysis of the revision history dump (about 678
million revisions) from June 2021 for 20,585 publications represented by 18,283 DOIs and
16,973 PMIDs resulted in 849 candidate articles.

@ Springer



Scientometrics

Table 1 Evaluation of the reference matching heuristics applied to the revision history of the CRISPR arti-
cle for the two corpora of relevant CRISPR-related publications

Reference matching heuristic Accounts corpus HC corpus

Matches Precision Recall Matches Precision Recall

Exact matching heuristics

(a) Title 172 0.994 0.934 130 1.000 0.935

(b) DOI 177 1.000 0.967 135 1.000 0.971

(c) PMID 177 1.000 0.967 135 1.000 0.971

Fuzzy matching heuristics

(d) Title edit distance <0.2 181 0.983 0.973 137 0.985 0.971

(e) Title edit distance <0.3 185 0.951 0.962 140 0.957 0.964

(f) Title edit distance <0.4 202 0.847 0.934 152 0.849 0.928

(g) Title edit distance < 0.4 + author ratio 163 0.976 0.869 123 0.984 0.871
score=1.0

(h) Title edit distance <0.4 4+ author Jaccard 157 0.987 0.847 122 1.000 0.878
index >0.8

(i) Title edit distance < 0.4 + author order 164 0.988 0.885 125 1.000 0.899
score >0.8

From this set we discard Wikipedia articles with less than six hits and articles about
persons and visualize the hit frequency and its dynamics for the remaining Wikipe-
dia articles candidates (see Fig. 3). In an additional qualitative step, we analyze the
relations between the term "CRISPR" and the main terms of the candidate articles by
extracting (1) definition sentences that formulate a relationship to CRISPR from the
article texts, and (2) taxonomic information from tables and tables of contents. From
this information we derive a basic semantic structure consisting of applications, alter-
native methods of genome editing, biological principles, tools, CRISPR mechanism,
and general terms, from which in turn a final set of ten additional articles is deter-
mined. We compare this set of candidate articles to publicly available datasets that are
based on recent extractions of Wikipedia references. The comparison shows that these
datasets are partially outdated and hence incomplete: 613 of the 849 candidate articles
would be missing from the Redi and Taraborelli (2018) dataset. More importantly, out
of the 11 articles in the final selection four were created after this dataset was pub-
lished. 70 Wikipedia articles from the Redi and Taraborelli dataset are missing in our
dataset. Spot checks show that many come from Wikipedia articles in other languages;
also, several of the titles are redirects or former page names. The more recent dataset
from Singh et al. (2021) still misses 368 of our candidate article set. We miss six Wiki-
pedia articles that they would retrieve based on our Field Corpus.

Extended matching and citation latency analysis (Study (c))
The initial matching procedures based on verbatim and fuzzy heuristics are repeated,

but now using the complete Field Corpus as well as the central CRISPR article and the
10 additional articles.
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Results
Methodical results

Table 1 shows for the central CRISPR article and the two initial, small publication corpora
(the Accounts Corpus and the HC Corpus) the numbers of matched publications along
with the respective precision and recall values, calculated based on the manual validation
procedure described above.

A revision cites a publication if any of the matching heuristics correctly identifies the
publication in the revision. The number of unambiguous, correctly matched publications
from both corpora (Accounts and HC) is 199. The fuzzy matching heuristics (d), (e), and
(f) identify more publications than the verbatim ones but come at the price of precision.
The comparably smaller number of matches of the fuzzy heuristics (g), (h), and (i) result
from the fact that author lists in Wikipedia articles are less well-maintained than identifiers
and titles. However, the combined author and title heuristics performs better in terms of
precision. The verbatim matching of publications based on titles only can lead to false pos-
itives if the title of a publication is a substring of the title of another publication (applies to
one publication in the Accounts Corpus).

We now turn to the newly delineated set of ten additional CRISPR-relevant Wikipedia
articles, which are analyzed for all 20,585 Field publications. Since only four publications
from the Accounts Corpus, which had been initially successfully matched with the central
CRISPR article, are not included in the large Field Corpus, we now work on the broader
basis of the entire field instead. Altogether, 459 unique correct publications matched by the
Field Corpus on all eleven articles could be identified.

Table 2 shows comparable match counts and precisions for all heuristics across the 11
articles: With the exception of "CRISPR/Cas Tools", the heuristics (d), (e¢), and (f) match
more publications than the verbatim heuristics at the price of precision; heuristics (g), (%),
and (i) cannot identify more publications than the verbatim heuristics. In general, a heu-
ristic that relies only on the publications’ titles tends to identify more publications. This
is because we match titles not only in the references but also in text segments, and treat
matches of conference abstracts and corrections to articles as false positives.

Summarizing the results at the level of individual matches, i.e., counting a publication
that was correctly found in more than one of the 11 articles multiple times, we could iden-
tify 516 out of 670 matches by their exact title, 52 by their DOI, 91 by their PMID, 10 by
heuristic (d), and one by heuristic (f). Counting at the level of distinct publications and
pooling the results, 459 unique publications out of 20,585 in our corpus were correctly
matched from all matching heuristics, with 458 publications found using the exact methods
and 451 found using the two identifiers PMID and DOI only. By matching with title only
we found 432 publications, with DOI only 444 publications, and with PMID alone 429
publications.

These results confirm the finding from the pilot study, namely that the gain from more
elaborate procedures in terms of matched publications is marginal, and that matching
with PMID and DOI only is a good compromise between accuracy and simplicity. Addi-
tional matches resulting from the exact title heuristics are bought with a reduced overall
precision.

To assess potential benefits of the relaxed matching heuristics in terms of delays,
we also calculated the mean delay in days between each pair. Table 3 shows for each
heuristic (rows) the average delay in days between the time it matches a publication
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Table 3 Mean delay in days between heuristics, calculated over all eleven articles

Comparison of Reference Matching Heuristics

(@) (b) () (@ (e) () ©® h ®

(a) 8.3 -19 5.4 5.4 53 -19.3 —54.5 -393
(b) -83 -84 -1.2 -1.2 -13 -289 —65.8 -49.0
(c) 1.9 8.4 9.2 9.2 8.9 —26.6 -58.0 —36.6
(d) -54 1.2 -92 0.0 0.0 -252 —-62.4 -45.0
(e) -54 1.2 -92 0.0 0.0 -252 -62.4 —45.1
() -53 1.3 -89 0.0 0.0 -252 -61.3 —-452
(€3] 19.3 28.9 26.6 252 252 252 =315 —-19.3
(h) 54.5 65.8 58.0 62.4 62.4 61.3 315 14.0
(@) 39.3 49.0 36.6 45.0 45.1 45.2 19.3 -14.0

and the time the same publication is matched by another heuristic (columns). Detailed
calculations (see Table 5 in the Appendix) show that all fuzzy title-only matching heu-
ristics ((d), (e), and (f)) are able to identify publications earlier than the PMID-based
approach in 25%, and earlier than the DOI-based approach in about 12% of all cases
where the respective heuristics correctly match a publication. When looking at the mean
delays (positive =slower, negative = faster) in Table 3, the fuzzy heuristics are on aver-
age only nine days faster (PMID, italic) or even about one day slower (DOI, bold) than
the respective verbatim identifiers.

There is considerable variance between articles. For example, the fuzzy title heu-
ristics ((d)—(f)) are able to find publications in "Genome-wide CRISPR-Cas9 knockout
screens” earlier than the DOI- and PMID-based heuristics in about 90 percent of all
cases. For all other articles, the fuzzy title heuristic is better than the DOI heuristic in
less than 10% of the cases. For eight articles, fuzzy title heuristics succeed in finding a
publication earlier than PMID in 25% or less of the time, and for two articles in about
one third of the time. If wording heuristics are used exclusively, almost all publications
are found no later than three days later.

Some articles such as "CRISPR/Cas Tools" and "Restriction enzyme" also show consid-
erable variance when compared to other heuristics, but, the advantages of the fuzzy heu-
ristics over individual verbatim heuristics disappear when verbatim heuristics and relaxed
heuristics are compared at the aggregate level, as can be seen in Table 4: With the excep-
tion of "Restriction enzyme", "Genome-wide CRISPR-Cas9 knockout screens" and, to a
lesser extent, "CRISPR", relaxed heuristics find publications later than verbatim heuristics.

The variance between the selected Wikipedia articles in the results of the matching
heuristics suggests that the editing of similar articles is not structurally coordinated.
However, missing metadata seems to be quickly added by the community, with the com-
bination of verbatim identifiers sufficiently covering minor inconsistencies and errors
in the referencing strategies of individual editors. This finding complements the (rather
anecdotal) evidence presented by Benjakob and Aviram (2018) regarding editors’ con-
stant reviewing processes. Altogether, the delays of heuristics relative to each other are
quite small and thus the temporal perspective does not change our earlier conclusion
that a combination of all three exact heuristics is optimal, while matching with DOI and
PMID only offers a good compromise between recall and ease of implementation.
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Caution is advised when titles are matched against the entire text of an article (as was
done here): Some publication titles are exact substrings of other publications, others are
so short that they can literally appear in the article. On the other hand, individual publica-
tions are referred to in the text of the Wikipedia article rather than in the reference section,
which can be found only by a full-text search for the titles.

With the extensive validations and mutual comparisons of the heuristics, we have
achieved a high confidence in the correctness of matching publications as well as of the
date of their first occurrence. In the following assessment of the central CRISPR article
and the related Wikipedia articles in terms of the structure of references and the timeliness
of citations, we refer to the first occurrence as the earliest date on which a reference was
correctly identified, regardless of the applied heuristic.

Empirical results

We first focus on the reference structure of the central CRISPR article. By reverse match-
ing all extracted references from this article, we are able to correctly identify 332 WoS
publications across all revisions. 199 of those match one or both of the initial corpora, the
Accounts Corpus, and the HC Corpus: 183 with the Accounts Corpus versus 139 with the
HC Corpus. In total, 294 of the 332 referenced WoS publications (excluding one that was
missing from the reverse procedure) are part of our bibliometric field delineation of 20,585
publications. 99 of these are neither part of the HC nor the Accounts Corpus. Most of these
publications belong to the core of the Field Corpus (the term CRISPR appears in the title)
and belong to the time segment from 2015 onwards.” At the same time, this more recent
time segment is also less covered by our historical accounts, whose publication years are
typically between 2015 and 2018. Very specific and little-cited publications are also fea-
tured. The phenomenon that such less eminent publications are cited in the Wikipedia arti-
cle may be explained by the fact that citations on Wikipedia and citations within the schol-
arly publication system fulfill different functions: The latter are an indicator of the extent
to which claims stimulate further research, whereas in Wikipedia the function of citations
is exclusively to substantiate knowledge claims: A hardly cited publication that supports a
very specific claim may be appropriate from the functional logic of the Wikipedia article.

38 referenced publications are WoS source items but not part of the Field Corpus,
although four of this subset belong to the Accounts Corpus. 14 are at least loosely con-
nected to the Field Corpus.

Of the 332 WoS publications, 224 have the WoS document type ’Article’ and 64
’Review’, others are Editorials, News Items, and Letters.

Of the remaining non-WoS references, about 110 could be identified through manual
search as contributions to popular science or technical journals (such as "Technology
Review"), technical blogs, and news sites. There are also references to clinical trials and
patents as well as to other web resources. Although we have not deepened our analysis
here, based on manual inspection it is likely that these references also support CRISPR-
specific content claims in a narrower sense and not other areas (such as legal or ethical
aspects). This does also fit our observation that (in single cases) references to scientific

5 The decision against citation windows and in favor of cumulative citation counts, by which we favored
early publications with long-term influence, could turn into the opposite here.
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Fig.4 Publication dates (x-axis) of matched publications in relation to the first occurrence on Wikipedia
(y-axis) of the central CRISPR article

publications do not follow the standard format but refer to recommendation sites,® both of
which are indications for not strictly following a scientific referencing policy.

It can be concluded that, on the one hand, the Wikipedia article reflects a broader dis-
course than a regular scientific review since it covers popular science and journalistic
media, even if these sources are still relatively marginal. Our observation confirms the ten-
dency of the findings of Benjakob and Aviram, who also report a minority of other, non-
published sources, in their case books and websites.

On the other hand, of the 60 publications referenced in more than five of our 32 his-
torical accounts, 48 are referenced in both the central and related Wikipedia articles. Simi-
larly, in the HC Corpus, 46 of the 60 most cited publications are referenced in at least one
of the selected Wikipedia articles. This suggests that the opinion of Wikipedia editors on
the relevance of publications is broadly in line with the scientific community and the met-
ric perspective. The number of references of the central Wikipedia article, for example,
is in the same order of magnitude as that of a scientific review. Nevertheless, the selected
historical accounts also differ from each other to a certain extent as they are from differ-
ent years and slightly different emphases are likely. Against this background, the fact that
183 of 332 WoS publications (55%) referenced by the central CRISPR article match the
Accounts Corpus is a convincing sign that Wikipedia editors largely adhere to strictly sci-
entific formats.

Figure 4 shows all references based on the large field corpus matched to the central
CRISPR article: It plots the relation between publication years (as indexed in WoS) and
the first occurrence in the central CRISPR article. The WoS publication dates used here
are based on the volume/issue data; online advance data were added to WoS relatively
recently and are not available in WoS for our dataset. The point size represents the number
of citations in WoS, orange-colored squares represent a couple of seminal works that have

® https://facultyopinions.com/prime/718276719#eval793490932.
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Fig.5 Smoothed dynamics of the growth of text of the CRISPR Wikipedia article and its references

particularly shaped the innovation dynamic,” blue points represent publications from the
historical accounts corpus, and black triangles all others. Transparency is used to show
points lying on top of each other. Publications from the historical accounts dominate the
older time segment. It is noteworthy that the article exists for a period of one and a half
years without any reference: The first version of the CRISPR article dates from 30 June
2005, whereas the first referenced publications occur in November 2006. There are sub-
stantial delays of up to several years in earlier revisions. Two distinct temporal stages can
be observed, 2010 and 2014 (indicated in the graph by dashed lines), in which a number of
older publications are retroactively referenced. First, the year 2010 coincides with the intro-
duction of a "History’ section in the central CRISPR article. Second, the key publications
of the innovation date from 2011 to 2013, but we see some older publications appearing
for the first time in 2014. However, some highly-cited and seminal publications from the
periods before and between these years were referenced more quickly: In 2006, 2007, and
2008, fundamental works on CRISPR as a defense system in prokaryotes are referenced
within the same year. Central publications by group leaders Doudna and Charpentier (Jinek
et al., 2012) as well as Zhang (Cong et al., 2013) and Church (Mali et al., 2013), introduc-
ing the applicability for genome editing, occur in the Wikipedia article on the same date in
April 2013. However, the delayed reference of further publications suggests that the impor-
tance of the development was recognized somewhat late. In any case, the article’s presen-
tation of the research strand is revised and expanded from 2014, leading to a reappraisal
of older work. In comparison, Benjakob and Aviram (2018) found (on a more qualitative
basis) that the full integration of key publications may depend on how long it takes for the
field to reformulate its central paradigm and to generalize the findings.

These temporal dynamics also emerge from a broader quantitative perspective, which
results from the CRISPR article’s character and reference numbers:

Figure 5 shows the dynamics of the central CRISPR article in terms of text size in
characters as well as number of references. The strong parallelism of text and reference

7 Selected on the basis on multiple occurrences in secondary accounts, as well as information in the current
version of the history section.
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Fig.6 Publication dates (x-axis) of matched publications in relation to the first occurrence (y-axis) of the
selection of CRISPR-related articles

graphs suggests that the new claims are indeed supported by newly introduced references,
as required.

Both graphs show the first substantial step in 2010 and another larger increase from
2014 onwards, demonstrating that text and references are added in a substantial manner.
In 2019, the application-related section is moved to a new article on CRISPR gene editing,
leading to a decrease of text and references. Thus, the late recognition of publications may
to some extent be consistent with the general dynamics of the article’s edition.

Figure 6 complements the perspective of the central CRISPR article with that of the
ten selected related articles, sorted by the creation dates of the articles. Again, the point
size represents the citation count in WoS, and the two dashed horizontal lines represent the
two main peaks of the CRISPR article dynamics, while the solid horizontal line represents
the article creation dates (omitted for "Restriction Enzyme"). Orange squares represent a
couple of seminal works, blue points represent publications from the historical accounts
corpus, and black triangles all others.

We observe that four CRISPR-related articles were newly created between 2010 and
2014 (i.e., before or at the time of the accelerated growth of the central CRISPR article
from 2014): (1) "CRISPR interference" was created in 2010 and is the first that describes
the biological mechanism in bacteria, while the technique was introduced in 2013. (2,3)
"CRISPR/Cas Tools" and "Cas9" are both from February 2013, with the former being the
first application-oriented article. Cas9 refers to a protein that is relevant for the immuno-
logical defense of bacteria and is crucial for the CRISPR/Cas gene-editing technique. (4)
"Protospacer adjacent motif", which is based on the biological principles of the CRISPR/
Cas mechanism, was created in September 2014. The oldest article, "Restriction Enzyme",
about the enzyme essential for the bacterial immune system underlying the technique, is
from 2001.

The five newer articles are more application-oriented. While the five older articles show
different patterns of delayed and instant recognition, the dynamics of referencing in case
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Fig. 7 Delays (in days) of occurrences in Wikipedia articles in relation to other articles within the set

of the five newer articles in the second row are largely dominated by back-referencing to
publications published before the time the Wikipedia articles were written. Thus, on the
one hand, the number of specialized Wikipedia articles grows as the innovation and its
application potential unfolds. On the other hand, new idiosyncratic dynamics are emerging
to a certain extent: In the case of the article "Cas9", we see that a number of publications is
retro-indexed in 2019.

Of the total 459 distinct correctly matched WoS publications based on the 11 articles,
162 occur in more than one Wikipedia article. Of these 162, 49 distinct publications (30%)
occur with at least one delay in the publication’s first occurrence between Wikipedia arti-
cles, not including delays caused solely by a later creation date of the respective article.
In the majority of cases, publications occur either on the same day as the first occurrence
(within our set) or on the creation date of the respective article.

Table 5/Figure 7 gives a more detailed insight into delays between the selected Wikipe-
dia articles. The delays were normalized with the creation date of the respective articles. If
a paper is not added to Wikipedia on the same day it is published (and neither on the Wiki-
pedia article’s creation date), it is often added within a few days later, indicating that newly
recorded references have been copied from one article to another. In some cases, however,
references are entered on some Wikipedia articles months or even years after their first
occurrence on another article. The central CRISPR article also has some delays in relation
to related Wikipedia articles; longer delays relate to three publications that occur on the
CRISPR site in 2017 and 2018 but were already referenced in 2014 and 2015 in the articles
Cas9 and CRISPR interference. It can be concluded that reference entries in related Wiki-
pedia articles are usually in close temporal proximity to each other, but, apparently, they
are not structurally coordinated.

How does the speed with which Wikipedia recognizes publications relate to the speed
in which the scientific community picks up publications? Figure 8 shows the comparison
between the first occurrence in Wikipedia (based on all 11 articles) and the citation curves
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Fig. 8 Matched publications’ yearly citation counts are plotted in relation to the date of first occurrence in
the CRISPR article as baseline

of the publications, normalized to the date of the first occurrence of the publications, so
that the different publication dates are hidden. Citations before this date have negative
numbers. Orange solid lines represent seminal works, blue dashed lines represent publica-
tions from the Accounts Corpus, and black long-dashed lines all others.Noticeably, Wiki-
pedia is quite fast with regard to almost all seminal publications: They first occur clearly
before the peak of the citation distributions, in some cases especially early in relation to
very long citation curves, indicating late, but long-term recognition by peers. Wikipedia
editors obviously recognize and cite publications broadly at the same time as the scientific
community.

Discussion and conclusion

We have analyzed the use of scientific literature in the Wikipedia article on CRISPR and
the timeliness of the reference patterns of this central article as well as related articles. Our
goal is to assess Wikipedia’s relevance and adequacy as a medium for the representation of
scientific contents and, in particular, the tracing of scientific innovations. We tested differ-
ent matching procedures to map from publication corpora to all revisions of Wikipedia’s
central article and related articles on CRISPR. Methodically we demonstrated that a com-
bination of verbatim matching heuristics yields sufficient accuracy to make Wikipedia a
valuable object for analyses of science communication in addition to standard bibliometric
sources. With that said, there is some variance between the analyzed Wikipedia articles.
Our results are also promising on an empirical level: There is evidence that much of the
CRISPR/Cas9 literature referenced in Wikipedia is highly cited or has been acknowledged
by experts in the field. The majority of referenced publications is covered by WoS and part
of our WoS field delineation; however, the concordance is not complete. News, magazine
pieces, and other web resources are also referenced to some extent, which is contrary to the
practices in regular scientific secondary or tertiary sources, at least in STEM subjects.
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We observe that the timeliness of referencing improves over time in the sense that major
gaps in the recognition of older literature are filled quite early (in 2010 and 2014), while
delays of one to a few years also occur later on. In the innovation’s earlier phase, timeliness
depends to a certain degree on the general level of Wikipedia’s editors’ activity regarding
the article and the topic. We conclude that delays in Wikipedia should be viewed less as
a fixed quantity and more as dependent on the respective circumstances. However, unlike
databases such as WoS, whose coverage policies are based on journals rather than individ-
ual publications, Wikipedia’s reference patterns represent a degree of article-level expert
recognition. In the course of innovation, the representation of the topic in Wikipedia grows
both in terms of the amount of text and the number of references of the central CRISPR
article, but also in terms of the number of related, more specialized Wikipedia articles. It
should be considered that the 29 historical accounts—apart from two exceptions®—date
back to the period from 2014 to 2018 or later, i.e., at the same time or later than some
publications occur in the central CRISPR article. Although articles do not always occur
in Wikipedia in the year of their print publication, we also find that the time of occur-
rence in Wikipedia precedes the citation peak to a larger extent. While the picture is not
clearcut, Wikipedia performs comparatively well in terms of timeliness. Wikipedia’s policy
of constant updating is of course a clear advantage compared to the fixed state of clas-
sical reviews. All mentioned factors support our initial hypothesis that Wikipedia can be
considered and used as a kind of Living Review due to its extensive adherence to scientific
formats and referencing standards, its timeliness, as well as its constant updates. However,
largely decentralized, crowd-sourced editing procedures cause inconsistencies to a smaller
extent, which can be observed in a comparative analysis of related Wikipedia articles. The
articles show slight differences in the early adoption of identifiers, and publications are not
always included in similar articles at the same or earliest time, suggesting that editing of
similar articles is not necessarily coordinated.

Benjakob and Aviram (2018) relied on a manual text-analytical approach in search for
editorial trends and observed no relationship between number of edits and text size. By
contrast, the latter metric (as well as number of references) proved in our case to be an
explanatory resource for certain patterns of delays. Metrics can therefore be an insightful
resource for understanding specific dynamics.

We are working with print publication dates. While in our case spot-checks found very few
preprint-versions of publications referenced in the central Wikipedia article, this may be dif-
ferent in other fields and with more recent data. Comparing Wikipedia occurrence data with
these and online advance dates can make the analysis of latency more precise and nuanced.

Another limitation of our research is that, as a case study, it focuses on the specific con-
text of a novel-prize winning innovation from a STEM subject. It is not unlikely that the
high profile of the innovation attracts a considerable number of editors, which could affect
the dynamics of editing and latency of references. Similarly, the fact that the innovation
and the related debates were so widely discussed in non-scientific sources such as newspa-
pers and technology magazines could have impacted the extent to which these sources also
occur as references. Given this limitation of a high-profile case and our finding that citation
latency in this case is influenced by the specific interaction of a subfield’s development and
editor activity, future research could investigate whether (a) there is high profile research
with low coverage in Wikipedia, (b) there is low profile research with high coverage in
Wikipedia, and (c) there are different trends in STEM, humanities, etc.

8 These are publications from 2012 and 2013, originating from within the closer group of early eminent
CRISPR researchers such as Koomin and Barrangou.
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Within the framework of our explorative, descriptive design, we also did not specifically
investigate the question of whether the representation of the field in Wikipedia in this case
leads to feedback effects on intra-scientific communication, i.e., whether the early occur-
rence of some publications in Wikipedia leads to more attention and more citations within
the scientific community. One may interpret Fig. 8 to mean that this is possible to a cer-
tain extent (though not necessarily true), because such effects presuppose that occurrences
in Wikipedia are early, and many are certainly before the citation peak. Proving a causal
effect would be the task of further research, probably based on the analysis of text similari-
ties, i.e., specific word usage patterns (Thompson & Hanley, 2018).

Appendix

See Table 5.

Table 5 Rate at which heuristic in row identifies heuristic in column earlier in black, mean delay in days
between heuristics in gray, standard deviation for both in parentheses

Comparison of Reference Matching Heuristics

on Heuristic Level on Verbatim-Relaxed Level
a b c d e I g h i
171 281 98 98 99 188 364 274
(222) (205) (13.1) (13.1) (132) (197) (274) (24.2)
verbatim
relaxed
6.9 152 53 53 54 140 303 241
(10.2) (132) (11.7) (L7 (1200 (16.1) (28.7) (262) 17.6
b
(17.6)
95 173 64 64 65 144 258 207 verbatim
.| 105 10 (10.1) (10.2) (10.3) (127) (214) (18.7)
49 124 247 00 00 161 350 262
a7 (256 (2.7 00) (00) (192) (265) (22.6) 40
d
(8.6)
49 124 248 0.0 00 159 350 261 relaxed
a7 (256 (27 (0.0) 00) (19.1) (264) (22.5)
520 126 248 02 02 161 349 259
| 80 @3 @a 0 01 (199) (27.0) (22.6)
33 117 00 00 00 175 135
a2 226D @5 0o 00 00 (193) (15.6)
3.6 54 00 00 00 03 1.4
a5 2069 53 00 00 (©0) (0.8 3)
37 44 103 02 02 00 34 83
74 (17 (L) ©7) 07 (00 (72 (15

@ Springer



Scientometrics

Acknowledgements Data access to the Web of Science was provided via a license from the Competence
Center for Bibliometrics (https://www.bibliometrie.info).

Author contributions All authors contributed to the study conception and its design. Material preparation,
data collection and analysis were performed by MS and WK. The first draft of the manuscript was written
by MS and WK and all authors commented on previous versions of the manuscript. All authors read and
approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt DEAL. No funding was received for con-
ducting this study.

Declarations
Competing interests The authors have no relevant financial or non-financial interests to disclose.

Ethical approval Not applicable—the research did not involve human participants.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
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 Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Redi, M., & Taraborelli, D. (2018). Accessibility and topics of citations with identifiers in Wikipedia.
figshare. Dataset. https://doi.org/10.6084/m9.figshare.6819710.v1

Arroyo-Machado, W., Torres-Salinas, D., Herrera-Viedma, E., & Romero-Frias, E. (2020). Science
through Wikipedia: A novel representation of open knowledge through co-citation networks. PLoS
ONE, 15(2), €0228713. https://doi.org/10.1371/journal.pone.0228713

Banasik-Jemielniak, N., Jemielniak, D., & Wilamowski, M. (2021). Psychology and Wikipedia: Measuring
psychology journals’ impact by Wikipedia citations. Social Science Computer Review. https://doi.org/
10.1177/0894439321993836

Benjakob, O., & Aviram, R. (2018). A clockwork Wikipedia: From a broad perspective to a case study.
Journal of Biological Rhythms, 33(3), 233-244.

Casebourne, 1., Davies, C., Fernandes, M., & Norman, N. (2012). Assessing the accuracy and quality of
Wikipedia entries compared to popular online encyclopaedias: A comparative preliminary study
across disciplines in English, Spanish and Arabic. Retrieved from http://commons.wikimedia.org/wiki/
File:EPIC_Oxford_report.pdf

Chen, C.-C., & Roth, C. (2012). {{Citation needed}}: The dynamics of referencing in Wikipedia. In Pro-
ceedings of the Eighth Annual International Symposium on Wikis and Open Collaboration - WikiSym
’12, 1. https://doi.org/10.1145/2462932.2462943

Colavizza, G. (2020). COVID-19 research in Wikipedia. Quantitative Science Studies, 1(4), 1349-1380.
https://doi.org/10.1162/qss_a_00080

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P. D., Wu, X., Jiang, W., Marraffini,
L. A, & Zhang, F. (2013). Multiplex genome engineering using CRISPR/Cas systems. Science,
339(6121), 819-823. https://doi.org/10.1126/science.1231143

Elliott, J. H., Turner, T., Clavisi, O., Thomas, J., Higgins, J. P. T., Mavergames, C., & Gruen, R. L. (2014).
Living systematic reviews: An emerging opportunity to narrow the evidence-practice gap. PLoS Medi-
cine, 11(2), e1001603.

Estevez, B., & Cukierman, H. (2012). The climate change controversy through 15 articles of Portuguese
Wikipedia. Wikipedia Academy.

@ Springer


https://www.bibliometrie.info
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.6084/m9.figshare.6819710.v1
https://doi.org/10.1371/journal.pone.0228713
https://doi.org/10.1177/0894439321993836
https://doi.org/10.1177/0894439321993836
http://commons.wikimedia.org/wiki/File:EPIC_Oxford_report.pdf
http://commons.wikimedia.org/wiki/File:EPIC_Oxford_report.pdf
https://doi.org/10.1145/2462932.2462943
https://doi.org/10.1162/qss_a_00080
https://doi.org/10.1126/science.1231143

Scientometrics

Garcia del Valle, E. P., Lagunes Garcia, G., Prieto Santamaria, L., Zanin, M., Menasalvas Ruiz, E., & Rod-
riguez Gonzalez, A. (2018). Evaluating Wikipedia as a source of information for disease understand-
ing. In 2018 IEEE 31st International Symposium on Computer-Based Medical Systems (CBMS) (pp.
399-404).

Giles, J. (2005). Internet encyclopaedias go head to head. Nature, 438(7070), 900-901.

Grabowski, J., & Klein, S. (2023). Wikipedia’s intentional distortion of the history of the holocaust. The
Journal of Holocaust Research. https://doi.org/10.1080/25785648.2023.2168939

Jemielniak, D., Masukume, G., & Wilamowski, M. (2019). The most influential medical journals according
to Wikipedia: Quantitative analysis. Journal of Medical Internet Research, 21(1), e11429.

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & Charpentier, E. (2012). A programmable
dual-RNA—guided DNA endonuclease in adaptive bacterial immunity ditching invading DNA. Sci-
ence, 337(6096), 816-821. https://doi.org/10.1126/science.1225829

Joorabchi, A., Doherty, C., & Dawson, J. (2020). “‘WP2Cochrane’, a tool linking Wikipedia to the Cochrane
Library: Results of a bibliometric analysis evaluating article quality and importance. Health Informat-
ics Journal, 26(3), 1881-1897.

Kousha, K., & Thelwall, M. (2017). Are wikipedia citations important evidence of the impact of scholarly
articles and books? Journal of the Association for Information Science and Technology, 68(3), 762—
779. https://doi.org/10.1002/asi.23694

Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., Norville, J. E., & Church, G. M. (2013).
RNA-guided human genome engineering via cas9. Science 339(6121), 823-826. https://doi.org/10.
1126/science.1232033

Mesgari, M., Okoli, C., Mehdi, M., Nielsen, F. A., & Lanamiki, A. (2015). “The sum of all human knowl-
edge”: A systematic review of scholarly research on the content of wikipedia. Journal of the Associa-
tion for Information Science and Technology, 66(2), 219-245. https://doi.org/10.1002/asi.23172

Piccardi, T., Redi, M., Colavizza, G., & West, R. (2020). Quantifying engagement with citations on wikipe-
dia. Proceedings of The Web Conference, 2020, 2365-2376. https://doi.org/10.1145/3366423.3380300

Pooladian, A., & Borrego, A. (2017). Methodological issues in measuring citations in Wikipedia: A case
study in Library and Information Science. Scientometrics, 113(1), 455-464. https://doi.org/10.1007/
s11192-017-2474-z

Priem, J., Piwowar, H. A., & Hemminger, B. M. (2012). Altmetrics in the wild: Using social media to
explore scholarly impact. Retrieved from http://arxiv.org/abs/1203.4745

Reavley, N. J., Mackinnon, A. J., Morgan, A. J., Alvarez-Jimenez, M., Hetrick, S. E., Killackey, E., Nelson,
B., Purcell, R., Yap, M. B. H., & Jorm, A. F. (2012). Quality of information sources about mental dis-
orders: A comparison of Wikipedia with centrally controlled web and printed sources. Psychological
Medicine, 42(8), 1753-1762.

Redi, M., Fetahu, B., Morgan, J., & Taraborelli, D. (2019). Citation needed: A taxonomy and algorithmic
assessment of Wikipedia’s verifiability. In The World Wide Web Conference on - WWW ’19 (pp. 1567—
1578). https://doi.org/10.1145/3308558.3313618

Schmidt, M., Kircheis, W., Simons, A., Potthast, M., & Stein, B. (2021). Does Wikipedia cover the relevant
literature on major innovations timely? An exploratory case study of CRISPR/Cas9. In /8th Interna-
tional Conference on Scientometrics & Informetrics - Proceedings, 2021-2026.

Shuai, X., Jiang, Z., Liu, X., & Bollen, J. (2013). A comparative study of academic and Wikipedia ranking.
In Proceedings of the 13th ACM/IEEE-CS Joint Conference on Digital Libraries, 25-28. https://doi.
org/10.1145/2467696.2467746

Simons, A., Kircheis, W., Schmidt, M., Potthast, M., & Stein, B. (in preparation). Who are the “Heroes of
CRISPR”? Controversies about micro-notability in innovation histories on Wikipedia.

Singh, H., West, R., & Colavizza, G. (2021). Wikipedia citations: A comprehensive data set of citations
with identifiers extracted from English Wikipedia. Quantitative Science Studies, 2(1), 1-19. https://doi.
org/10.1162/qss_a_00105

Teplitskiy, M., Lu, G., & Duede, E. (2015). The transmission of scientific knowledge to Wikipedia. In Wiki-
pedia, a Social Pedia: Research Challenges and Opportunities: Papers from the 2015 ICWSM Work-
shop. 2015 ICWSM Workshop.

Teplitskiy, M., Lu, G., & Duede, E. (2017). Amplifying the impact of open access: Wikipedia and the diffu-
sion of science. Journal of the Association for Information Science and Technology, 68(9), 2116-2127.
https://doi.org/10.1002/asi.23687

Thompson, N. C., & Hanley, D. (2018). Science is Shaped by Wikipedia: Evidence From a Randomized
Control Trial. ide.mit.edu/sites/default/files/publications/SSRN-id3039505.pdf

Turki, H., Hadj Taieb, M. A., Shafee, T., Lubiana, T., Jemielniak, D., Aouicha, M. B., Labra Gayo, J. E.,
Youngstrom, E. A., Banat, M., Das, D., Mietchen, D., & On Behalf Of WikiProject Covid- (2022).

@ Springer


https://doi.org/10.1080/25785648.2023.2168939
https://doi.org/10.1126/science.1225829
https://doi.org/10.1002/asi.23694
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1002/asi.23172
https://doi.org/10.1145/3366423.3380300
https://doi.org/10.1007/s11192-017-2474-z
https://doi.org/10.1007/s11192-017-2474-z
http://arxiv.org/abs/1203.4745
https://doi.org/10.1145/3308558.3313618
https://doi.org/10.1145/2467696.2467746
https://doi.org/10.1145/2467696.2467746
https://doi.org/10.1162/qss_a_00105
https://doi.org/10.1162/qss_a_00105
https://doi.org/10.1002/asi.23687

Scientometrics

Representing COVID-19 information in collaborative knowledge graphs: The case of Wikidata.
Semantic Web, 13(2), 233-264. https://doi.org/10.3233/SW-210444

Yang, P., & Colavizza, G. (2021). A map of science in Wikipedia. Companion Proceedings of the Web Con-
ference. https://doi.org/10.48550/ARXIV.2110.13790

Zagovora, O., Ulloa, R., Weller, K., & Flock, F. (2020). I Updated the <ref>: The Evolution of Refer-
ences in the English Wikipedia and the Implications for Altmetrics. Retrieved from https://arxiv.org/
abs/2010.03083

Authors and Affiliations

Marion Schmidt'® - Wolfgang Kircheis?® - Arno Simons3® . Martin Potthast>® .
Benno Stein*

Wolfgang Kircheis
wolfgang kircheis @uni-leipzig.de

Arno Simons
arno.simons @ gmail.com

Martin Potthast
martin.potthast @uni-leipzig.de

Benno Stein
benno.stein @uni-weimar.de
German Center for Higher Education Research and Science Studies (DZHW), Berlin, Germany

Leipzig University and Center for Scalable Data Analytics and Artificial Intelligence (ScaDS.Al),
Leipzig, Germany

Technische Universitit Berlin, German Center for Higher Education Research and Science Studies
(DZHW), Berlin, Germany

Bauhaus-Universitit Weimar, Weimar, Germany

@ Springer


https://doi.org/10.3233/SW-210444
https://doi.org/10.48550/ARXIV.2110.13790
https://arxiv.org/abs/2010.03083
https://arxiv.org/abs/2010.03083
http://orcid.org/0000-0001-6970-3714
http://orcid.org/0000-0002-0925-0503
http://orcid.org/0000-0003-0657-5254
http://orcid.org/0000-0003-2451-0665
http://orcid.org/0000-0001-9033-2217

	A diachronic perspective on citation latency in Wikipedia articles on CRISPRCas-9: an exploratory case study
	Abstract
	Introduction
	Case study
	Relevance
	TimelinessLatency
	Technical

	Related research
	Materials and methodology
	Materials
	Pilot study (Study (a))
	Candidate article retrieval (Study (b))
	Extended matching and citation latency analysis (Study (c))

	Results
	Methodical results
	Empirical results

	Discussion and conclusion
	Appendix
	Acknowledgements 
	References


