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Abstract

Journals play a critical role in the scientific process because they evaluate the

quality of incoming papers and offer an organizing filter for search. However,

the role of journals has been called into question because new preprint

archives and academic search engines make it easier to find articles indepen-

dent of the journals that publish them. Research on this issue is complicated

by the deeply confounded relationship between article quality and journal rep-

utation. We present an innovative proxy for individual article quality that is

divorced from the journal's reputation or impact factor: the number of cita-

tions to preprints posted on arXiv.org. Using this measure to study three sub-

fields of physics that were early adopters of arXiv, we show that prior

estimates of the effect of journal reputation on an individual article's impact

(measured by citations) are likely inflated. While we find that higher-quality

preprints in these subfields are now less likely to be published in journals com-

pared to prior years, we find little systematic evidence that the role of journal

reputation on article performance has declined.

1 | INTRODUCTION

The number of scientific articles published in a year has
roughly doubled every 9 years since the beginning of
modern science (Bornmann & Mutz, 2015). For much of
this time, scientists have navigated this ever-expanding
space using peer-reviewed scientific journals as an orga-
nizing and credentialing system: journals typically have a
scientific focus and a journal's reputation sends impor-
tant signals about the merit of the articles it publishes.

Academic journals' importance for scientific advance
rests partially on their gatekeeping role, whereby sub-
mitted research is evaluated via peer review and a hier-
archical editorial process. Various factors, including the
rigor of the review process, produce a status ranking of
journals that vary in prominence, prestige, visibility, or
impact. While there are many ways to operationalize
this ranking (Bergstrom, 2007; Garfield, 2006; West,
Bergstrom, & Bergstrom, 2010b), all commonly used

measures of journal status favor journals whose articles
receive, on average, more citations.

Because a journal's status calibrates an article's quality
and significance, publication in a high-status journal, then,
is a positive predictor of a single article's subsequent impact,
measured typically by the article's own citation count
(Bornmann & Leydesdorff, 2017; Didegah & Thelwall,
2013; Onodera & Yoshikane, 2015; Tahamtan, Afshar, &
Ahamdzadeh, 2016). The impact of the status of the
journals in which a scientist publishes may extend even fur-
ther, into decisions affecting the authors' hiring, promotion,
and access to research funding. This self-reinforcing process
represents a classic Matthew effect (Merton, 1968), and it is
no surprise that several commentators have issued caveats
on the perils of overreliance on journal status in academic
decision making (Brembs, Button, & Munafò, 2013; Hicks,
Wouters, Waltman, Rijcke, & Rafols, 2015; Lariviere et al.,
2016; Martin, 2016; Seglen, 1997; Stephan, Veugelers, &
Wang, 2017; West, Bergstrom, & Bergstrom, 2010a).
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Scholarship published outside of high-status journals
has traditionally been more difficult to discover. Digitiza-
tion has made the process of accessing known articles far
easier, but it initially did little to improve search, and the
curatorial role of journals persisted. In the past decade,
however, online academic search engines as well as online
preprint repositories have emerged that are changing the
way scientists follow and search for scientific research.
Searches conducted with algorithmically driven tools like
Google Scholar return lists of articles organized by topic,
author, keyword, and prominence, with results weighted
in unknowable ways, while online repositories allow
scholars to bypass journals altogether. With these new
technologies, therefore, an article's visibility in various elec-
tronic archives is now at least partially decoupled from the
journal's reputation, and articles published in lower-tier
journals may have new opportunities to reach an audience.

In light of these recent changes in both search and
access, it is an open question whether academic journals
will retain their traditional gatekeeping role going for-
ward. Some have argued “no,” pointing to a series of
recent reports claiming to find a decline in the effect of
elite journals on individual articles' subsequent citation
(Acharya et al., 2014; Larivière, Lozano, & Gingras, 2014;
Lozano, Larivière, & Gingras, 2012).

However, correctly estimating the independent effect
of a journal's influence on article performance is method-
ologically challenging, since academic articles are nested
in journals: “better” articles are more likely to survive the
peer-review process at higher-status journals, and yet
once an article is published in a journal, readers cannot
help but evaluate the quality of the article in light of the
journal's reputation. It is therefore almost impossible to
separate the effect of journal influence from an individual
article's quality in the naturally occurring observational
data used in most bibliometric research, and as a conse-
quence, all previous efforts to systematically estimate the
magnitude of the effect of journal status on individual
article performance have failed to effectively purge the
effect of article quality from the “journal effect.”

Here we report significant progress in addressing this
methodological problem by using an innovative measure
of article quality that is arguably independent of journal
influence: citations to articles posted to the arXiv preprint
repository before publication. Working articles and pre-
prints have long been used to disseminate research find-
ings before peer review is complete (Brown, 1999; Kreitz,
Addis, Galic, & Johnson, 1997). In 1991, arXiv (arXiv.org)
was established as an online central repository and clear-
inghouse for client-side rendering of scientific articles in
physics. ArXiv submissions were moderated for topic but
not peer-reviewed. Physicists quickly adapted to arXiv,
routinely uploading research articles as soon as the

article was complete (Brown, 2001; Larivière, Sugimoto
et al., 2014). Neighboring disciplines that also used the
compact TeX file format, including mathematics, astron-
omy, computer science, quantitative biology, and statis-
tics, followed physics' lead and soon began relying on
arXiv; more recently, several other fields have established
similar services (for example, bioRxiv.org launched in
2013; SocArXiv in 2016; ChemRxiv.org in 2017). With the
emergence of arXiv as an easy to access source of cutting
edge science, researchers' reliance on preprints as a chan-
nel of communication increased (Brown, 2001), and cita-
tions to unpublished preprints become more common
(Noruzi, 2016). Nevertheless, many articles posted to
arXiv in physics and other fields are subsequently publi-
shed in peer-reviewed journals (Larivière et al., 2014).

In this study we exploited the fact that in three subfields
of physics—high energy physics phenomenology (Hep-ph),
astrophysics, and condensed matter—use of arXiv has been
part of scientific practice for several decades. For these
early adopters of arXiv, almost all articles are posted to
arXiv. Scholars in these subfields make use of arXiv's auto-
mated alert systems to stay abreast of new developments,
and they regularly cite arXiv preprints. We used these sub-
fields with relatively long histories of using the arXiv as a
case-study of how journals' role in science may have chan-
ged in response to new technologies for academic search
and publications. Our approach is an advance over prior
studies because we can treat the number of citations an
article in arXiv receives as a proxy for article quality that is
independent of journal status (independent because these
citations are made before the article has published and
therefore are not correlated with the status of any journal).
Having this independent proxy for article quality allowed
us to generate better estimates of the direct impact of jour-
nal influence on an individual article's performance, and
assess whether this impact has changed over time.

Using the number of citations an article in arXiv receives
before publication as an independent indicator of measure
of article quality, we conducted two sets of analyses that
addressed three interrelated questions. First, we set out to
determine the magnitude of the effect of journal influence
on citations after controlling for preprint citations. Even
though the distribution of citations to articles is highly
skewed (even for articles published in the same journal,
Lariviere et al., 2016), measures of journal status such as the
Journal Impact Factor (JIF) have been shown to be powerful
predictors of citations (Bornmann & Leydesdorff, 2017;
Didegah & Thelwall, 2013; Onodera & Yoshikane, 2015).
We investigated whether the effect of journal influence
holds even after controlling for preprint citations.

Using the same modeling framework and our method
of isolating the journal-specific effect, we then investigated
whether there are temporal changes in the effect
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of journal status on article visibility and citation in the era
of modern electronic technologies. This analysis provided
a test of the hypothesis that the development of
new electronic technologies has reduced the influence of
the journal (Acharya et al., 2014; Larivière, Lozano et al.,
2014; Lozano et al., 2012).

Our second analysis addressed whether there has
been a change in the relative quality of articles published
in journals. In fields in which new and important
research findings are routinely posted to arXiv (and
therefore easily located by appropriate audiences), some
scientists may skip the journal review process altogether.
A previous report (Gentil-Beccot, Mele, & Brooks, 2010)
suggested the existence of a “quality bias” in arXiv (better
articles and high-impact authors are more likely to be
uploaded in the first place); we therefore systematically
tested for adverse selection into journals among articles
posted to arXiv. Taken together, these analyses provide
new insight into the role of scientific journals during a
time of rapid technological change.

The results presented here show that, whereas prior
estimates of the effect of the journal's reputation on an
individual article's citation performance are likely inflated,
there is no systematic evidence that the role of journal rep-
utation has declined with the advent of academic search
engines. After adjusting for prepublication citation levels,
however, we find that higher-performing articles posted to
arXiv have, over time, become less likely to be published
in journals compared to prior years.

2 | DATA AND METHODS

2.1 | Data

Our analyses were conducted on data from three sub-
fields of physics: high energy physics phenomenology

(Hep-ph), astrophysics, and condensed matter. Scientists
in each of these fields were early adopters and continu-
ous users of arXiv (ArXiv, 2017; Larivière et al., 2014),
and these fields have been studied in previous research
on arXiv (Gentil-Beccot et al., 2010; Mine, 2009; Moed,
2007). From arXiv.org we collected basic bibliographic
and identifying data about all articles uploaded to arXiv
between 1998 and 2013 in each of the three fields.

Using the article's DOI and title, we linked each arti-
cle to its corresponding entry in the Microsoft Academic
Graph (Sinha et al., 2015). We dropped articles that had
incomplete information regarding title, author, and/or
published year. Details about the data linking process is
described in Section A in Appendix S1. From the Micro-
soft Academic Graph data, we recorded whether, when,
and where the article was subsequently published, and
we collected citations that went to the arXiv and to publi-
shed versions of the article. We treat citations to the
arXiv preprint as a journal-independent measure of arti-
cle performance, and citations to the published version a
measure of article performance that may be influenced
by the journal's reputation. Our final data set included a
total of 31,623 articles in Hep-ph, 42,063 in astrophysics,
and 84,326 in condensed matter.1

The temporal trend in the yearly total count of arti-
cles posted to arXiv and citations to arXiv preprints for
our three subfields is shown in Figure 1. We found a
rapid increase in the total number of submitted articles
in astrophysics and condensed matter between 1998 and
2013, but a relatively slower increase in Hep-ph. Citation
rates increased following publication rates, but the speed
of increase also varied by subfield. Because some
researchers upload articles to arXiv simultaneously with
journal submission, the yearly count of articles uploaded
is larger than the yearly count of citations made to arti-
cles in arXiv. When articles are published quickly after
posting, there is little opportunity for the arXiv version to

FIGURE 1 The rise of arXiv. Yearly total

articles uploaded to arXiv (solid line) and yearly

total citations made to arXiv articles prior to

journal publication (dotted line) between 1998

and 2014 [Color figure can be viewed at

wileyonlinelibrary.com]
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be cited. In condensed matter, 92% of articles published
within 6 months of posting receive no citations before
journal publication. This percentage is 85% for astrophys-
ics and 76% for Hep-ph.

2.2 | Analysis 1: Improving estimates of
the impact of journal influence by adding a
measure of article quality and reexamining
the temporal change

Our first analyses aimed to answer the first two of our three
research questions by improving estimates of the direct
impact of journal influence on article performance while
controlling for article quality and retesting the influence of
journal status on article's subsequent citation count. We
restricted our data set to only those articles that were posted
to arXiv and subsequently published in journals between
1998 and 2013. To measure the article's performance after
journal publication, we counted the number of citations the
article received in the 3 years after publication.

For the statistical analysis, we used a zero-inflated
regression model with a negative binomial distribution
(Didegah & Thelwall, 2013; Chen, 2012). A large fraction of
articles received no citations, and so we model the overall
citation distribution with the zero-inflated regression model
because it treats the process of generating zero values as a
mixture of two processes: first, an author might not cite an
article because it is not relevant to their research; and sec-
ond, authors' decisions about what articles to cite (or not
cite) reflect multiple and heterogeneous decision rules and
conventions (Garfield, 1965; Tahamtan & Bornmann, 2018;
Wang & Domas White, 1999).2 Because the citation distri-
bution shows a positively skewed shape, we applied a nega-
tive binomial distribution.3 To account for within-journal
correlation, we used robust standard errors clustered by
journals. Further information can be found in the detailed
model results in Section C in Appendix S1.

Our key explanatory variable in this model is the
journal's ArticleInfluence (AI) score (West et al., 2010b),
which is a network-based, journal-level measure of influ-
ence that is normalized by the size of the citing journal.
AI is based on the Eigenfactor (West et al., 2010b), a vari-
ant of PageRank, in which citations from high-status
journals receive more weight than citations from more
peripheral journals. While we used AI as a measure of
journal influence, we use the term “journal influence” in
the main text and Appendix S1 to avoid possible confu-
sion of this measure as an article-level metric.

In addition to our measure of journal influence,
our models included the article's prepublication citation
count—our journal-independent measure of article per-
formance. In treating the prepublication citation count as

an indicator of article quality, we are assuming that the
published articles were not substantially revised since the
initial submission to arXiv, an assumption that is consis-
tent with a recent empirical study that showed “the text
contents of … scientific articles generally changed very
little from their pre-print to final published versions”
(Klein, Broadwell, Farb, & Grappone, 2018, p. 1).4 To
capture the time trend, we included a variable measuring
the number of years since our base year, 1998.5 Finally,
we also controlled for the number of months since the
date an article was first posted in arXiv.

With this modeling framework, we tested three
nested models. The first model (Model 1 in Section C in
Appendix S1) included only the journal influence and
two basic control variables: the number of months the
article appeared in arXiv before journal publication and
the number of years since 1998. The second model
(Model 2 in Section C in Appendix S1) added our key
control variable: the article's prepublication citation
count while in arXiv. In the third model (Model 3 in
Section C in Appendix S1), we added an interaction
effect of journal influence and the number of years since
1998, thereby allowing us to assess our second research
question: Has the impact of journal influence changed
over time?

2.3 | Analysis 2: Temporal change in the
quality of articles that are published in a
journal

For the third research question, we asked whether there
has been a change over time in the relative quality of arti-
cles from arXiv that are subsequently published in
journals. Our aim here was to determine if highly cited
arXiv articles are now less or more likely to appear in a
journal. We used the Cox's proportional hazards regres-
sion model (survival analysis, Cox & Oakes, 1984) to ana-
lyze time-to-publication for articles published in arXiv in
each of the three fields, adjusting for fixed and time-
varying covariates. Time to publication was measured by
following articles uploaded to arXiv between 1998 and
2014 for 24 months or until the article was published,
whichever came first.6 Because the data showed a rela-
tively constant increase in articles uploaded to arXiv and
published in a journal through 2016, the last publication
year we used in the analysis was 2014, and the last cita-
tion was made in December 2016. The primary explana-
tory variable in these models is a time-varying measure,
the square root of the current cumulative citation count
to the arXiv article by month t, which represents the cur-
rently observed quality of the article. We chose the
square root rather than natural log transformation due to
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the large number of zeros values. In addition to the
cumulative citation count, we included the number of
years since 1998, where the year is when an article is first
uploaded to arXiv. Finally, we interacted the article-
specific cumulative citation measure with the number of
years since 1998, in order to evaluate whether the rela-
tionship between article quality and time-to-publication
has changed over time.

3 | RESULTS

3.1 | Effect of journal influence on
article performance

Figure 2 summarizes the effect of journal status on a publi-
shed article's predicted citation count, with and without
adjustment for prior citation to the article in arXiv
(our journal-independent measure of article performance)
for each of the three subfields studied. Consistent with prior
studies (Bornmann & Leydesdorff, 2017; Didegah &
Thelwall, 2013; Larivière & Gingras, 2010; Onodera &
Yoshikane, 2015), we found that in all fields citations to the
published article increased with journal influence; however,
these effects were attenuated when the journal-independent
measure was considered. Since the model fit significantly
improved after controlling for the article's prior arXiv cita-
tion count (see Section C in Appendix S1), this measure of

article quality improves the estimates of articles' post-
publication performance. However, the coefficient of jour-
nal effect decreases after adding the new measure. The
improved model shows that differences in preprint citations
make a substantive difference in predicted citation counts
for articles ultimately published in the same journal. For
articles that received no preprint citations, the naïve model
overestimated subsequent citations: for example, in journals
with a journal influence score of 2, articles with zero
citations were predicted to have 12–38% more citations than
the prediction from the model controlling for article quality.
In contrast, the more an article was cited before journal
publication, the more the naïve model underestimated
predicted citation counts: If an article received two citations
before journal publication, the model that failed to
control for article quality predicts 18–54% fewer citations.
The degree to which citations were underestimated is even
greater for articles whose arXiv version was cited more
often: Postpublication citations to articles with five
prepublication citations were underestimated by 62–88%.

3.2 | Temporal changes in journal
impact on subsequently received citations

We next investigated whether the general growth in the
use of the arXiv is associated with a change over time in
the effect of journal impact on citations to published

FIGURE 2 Preprint citation count information improves prediction of article performance over models using only journal influence.

The effect of journal influence on the predicted citation count accumulated in the 3 years after journal publication. Red dotted line is from

the model without controlling arXiv preprint citations, and three blue lines are from the model after controlling preprint citations (from the

brightest, receiving 0 prior arXiv citations, 1 citation, and 5 citations). The shaded areas represent the 95% confidence interval. Model details

are included in Section C (Model 1 and 2) in Appendix S1 [Color figure can be viewed at wileyonlinelibrary.com]
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articles. Figure 3 reports, for each subfield, the average
predicted citation count for articles published in journals
with higher and lower influence scores, adjusting for pre-
print citations. Parallel lines indicate that the citation gap
between two journals neither decreases nor increases
over time, which suggests no temporal change in the
effect of journal influence on article performance. In
Hep-ph, the citation gap between higher- and lower-
status journals has actually grown over time, with articles
published in higher-status journals now receiving even
more of a citation benefit than in earlier years. However,
the confidence intervals of the predicted values in later
years are too broad to conclude that there has actually
been an increase in the effect of journal influence. In
astrophysics and condensed matter, the citation gap
between higher- and lower-status journals has not chan-
ged over time. Combining these results, we found that
after controlling for preprint citations there is no evi-
dence of a decrease in the effect of journal status on arti-
cles' postpublication performance.

3.3 | Effect of article quality on journal
publication

Figure 4 shows, for each subfield, the effect of article
quality (measured as the article's cumulative citation
count) on journal publication, and how this may
have changed over time. In all three cases, the marginal
effect of article quality on publication rates decreased
over time but still remained positive. This means that as
time goes forward, arXiv articles with many citations
were less likely to be published in a journal. These
models provide evidence that in each of these subfields,
better-performing articles (measured via citations to the

preprint) are now less likely to be published in a journal
compared to prior years.

4 | DISCUSSION

In this study we investigated possible changes in the
extent to which peer-reviewed journals serve as a

FIGURE 3 No decrease in journal influence found. The effect of time on the predicted citation count accumulated in the 3 years after

journal publication by two journal influence scores (0.5 and 4; line types indicate journal influence). Lines are calculated from Model

3, which estimates the interaction effect of time and journal influence on citation count, adjusting for arXiv citations. Shaded areas represent

the 95% confidence interval. Model details in Section C (Model 3) in Appendix S1

FIGURE 4 Over time, articles with more preprint citations

are less likely to be published in journals. The effect of cumulative

citation to all arXiv articles on the hazard of journal publication, by

subfield. Shaded areas represent the 95% confidence interval. Model

details in Table S5 in Appendix S1 [Color figure can be viewed at

wileyonlinelibrary.com]
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credentialing system for scientific research. We began by
introducing a novel measure of article quality—citations
to the article in arXiv—that allowed us to estimate the
influence of journal status on a published article's perfor-
mance, measured via citations, more accurately. Includ-
ing this new measure in models of citation counts
allowed us to isolate the independent impact of journal
status more effectively, and to assess whether this effect
has changed over time. We also investigated whether the
temporal trend is associated with changes in the quality
of articles submitted for journal publication.

Until very recently, scientific articles were most often
read and cited by readers who knew where the article was
published. Conference presentations and hard-copy pre-
prints provided opportunities for close colleagues to know
of each others' work, but these distribution channels are
limited in scope. Thus, in evaluating the significance of a
published article, scientists were forced to rely in part on
the reputation of the journal that published it, a reliance
that confounds intrinsic article value with characteristics
of the journal and affects the article's subsequent visibility
and impact. Drawing on newly available data we are able
to provide a more precise quantification of the journal
effect by controlling for a measure of article quality that
we constructed by linking data from arXiv with publica-
tion and citation data from the Microsoft Academic Graph.
Readers of preprint articles on arXiv do not typically know
in which journals they will be published in the future;
thus, accumulated citation data to preprint versions of an
article can be used as an indicator of article quality that is
independent of journal influence. After introducing this
control for article quality, we found that the impact of
journal influence is lower than in models that do not con-
trol for article quality. Nevertheless, publication in higher-
status journals is still associated with increased citations.

Our study of temporal changes in the effect of journal
influence on an article's citation count revealed that after
controlling for article quality, there is no evidence of a
decrease in the importance of journal status on an arti-
cle's citation count, even in fields with heavy reliance on
arXiv. In the three subfields we analyzed, the impact of
journal influence had not declined at all. Thus, concerns
about the “demise of journals” may be overblown, at
least in these fields.

In answering our third question, we found that while
articles receiving more attention in arXiv are more likely
to be published, in all three subfields the effect decreased
over time. This finding suggests that as arXiv and pre-
prints in general become more popular, authors may be
less inclined to pursue journal publication if their pre-
print articles are sufficiently acknowledged.

Taken together, we conclude that in fields where
research is indexed, read, and cited in new channels like

arXiv, journals continue to act as status markers signal-
ing article quality and significance, even as some authors
bypass journal publication altogether. Our findings there-
fore contradict prior work showing a declining impact of
elite journals (Acharya et al., 2014; Larivière, Lozano
et al., 2014; Lozano et al., 2012).

The generalizability of our results is limited at pre-
sent. The particular subfields of physics we analyzed are
less interdisciplinary than many other scientific disci-
plines (Van Noorden, 2015), and therefore scientists in
these fields might behave differently than in fields that
frequently bridge areas of scientific expertise. Thus, our
findings might not characterize less highly specialized
and fast-moving fields. Because arXiv initially targeted a
small number of highly technical scientific fields, compa-
rable and solid longitudinal data for more interdisciplin-
ary fields such as social sciences are not available at
present, so we could not evaluate whether there are dif-
ferences between fields. However, we believe our ana-
lyses of these early-adopting fields may help us glimpse
the future of other disciplines that are currently undergo-
ing similar changes in their own publication environ-
ments. The recent burst of preprint services in the life
sciences and social sciences will likely offer the opportu-
nity to conduct a similar analysis in these fields.

A second potential limitation of our study is that we
measured the quality of an article by counting how many
citations it received. Although highly cited articles often
correspond with what researchers perceive as the impact-
ful research (Garfield, 1999), scholars cite an article for
various reasons, and therefore more citations do not nec-
essarily indicate the higher “quality” of an article. For
example, researchers often pay close attention to articles
written by high-status authors (Simcoe & Waguespack,
2011), and the subsequent citations serve to amplify an
authors' existing status, bringing even more citations to
already successful articles. However, because it naturally
controls for all author- and article-level characteristics,
our use of this measure has merit because it isolates the
unique effect of the journal impact factor on an article's
subsequent citations (Garfield, 1999; Hicks et al., 2015).

As with most empirical studies, there are possible
sources of selection bias in our data. The life cycle
of a research article includes many stages, and our
analysis plan was designed to capture an article's progress
through these increasingly selective stages. Among arti-
cles uploaded to arXiv, our approach traces which of
them are published in a journal, and how many citations
those articles receive after journal publication. Neverthe-
less, our research design is exposed to two potential
sources of selection bias. First, our data source itself
may be selective, because we were not able to link all
arXiv articles to entries in Microsoft Academic Graph.

KIM ET AL. 7



However, as far as we are aware, Microsoft Academic
Graph attempts to index all articles from arXiv, and thus
we feel reasonably confident that we can treat unlinked
articles as missing at random. A potentially greater
source of selection bias comes from the fact that we did
not analyze articles that are published in a journal but
never uploaded in arXiv. We excluded these articles
because we do not systematically observe our measure of
article quality from them. Nonetheless, we do not believe
that this exclusion undermines our key finding that the
impact of journals has not declined appreciably over
time. Published articles that were deposited in arXiv
receive more citations because free preprint services dis-
seminate research to potential readers (Gentil-Beccot
et al., 2010). If the only channel that readers could use to
access articles was through journals, the impact of a jour-
nal should be higher on average, not lower.

5 | CONCLUSION

Our results suggest that journals remain an important sta-
tus marker for scientific work despite the advent of pre-
print archives and algorithmic search technologies. As a
consequence, journals in the fields we examined continue
to play an outsized role not only in communicating scien-
tific results, but also in validating scientists' scholarly
achievements. Such validation is especially important for
those early in their career who seek to pass through criti-
cal milestones including jobs, tenure, awards, and grants.
And yet even as the signaling effect of journals is needed
more than ever, the peer review system is being strained
with more and more articles being submitted, leading
to lower-quality reviews. The review process at many
journals has become more competitive and in some
cases drawn-out (Powell, 2016). As a result, established
researchers who no longer need validation for their career
may choose to skip the bothersome review process and go
exclusively to preprint services like arXiv that facilitate the
dissemination of research findings with no claims about
the quality of uploaded works. This interpretation is
supported by our empirical finding that highly cited arXiv
articles are now less likely to appear in journals than was
the case when arXiv was new. Future research that strat-
ifies publication patterns by scientific generation will allow
us to further untangle journals' communication and vali-
dation functions in this era of technological change.
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ENDNOTES
1 The code and data used in this article can be found at the follow-
ing link: https://github.com/lanukim/arXiv-article-data-and-code.

2 An alternative to the zero-inflated model is a hurdle model, which
specifies one process for zero counts and another process for posi-
tive counts. A zero-inflated regression model has an advantage
over a hurdle model because it assumes that noncited articles can
be generated from either of two processes, while a hurdle model
assumes that zeros are only generated from one process. Thus, we
believe a zero-inflated model better matches the processes that
produce uncited articles in science.

3 We make this decision to allow overdispersion. The coefficients of
the overdispersion parameter (the natural log of alpha in Stata
software) for each of the three subfields we analyze were statisti-
cally significant with a .05 alpha level in many models, which
supports the necessity of using a negative binomial distribution.

4 Because articles published shortly after being uploaded to arXiv
might have had not enough time to be widely read, we checked
the robustness of our results by removing articles that were in
arXiv for 6 months or less before they appeared in a journal. The
results are similar to those derived from our original data set
(Section B in Appendix S1).

5 However, Figure 1 illustrates that while the use of arXiv in the
three subfields has risen in all cases, it has done so at different
rates. Thus, we did a robust check by measuring temporal trends
with the total attention received by articles in arXiv in a subfield
and in year y. Results from this specification do not substantively
differ from our main results.

6 We stopped tracking (that is, right-censored) articles not publi-
shed within 24 months of posting to arXiv. A total of 7.1% of the
articles in Hep-ph, 3.1% of astrophysics, and 1.8% of condensed
matter were not published within 24 months of being posted to
arXiv, and are therefore right-censored.
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