Journal of Informetrics 9 (2015) 1034-1046

Contents lists available at ScienceDirect

Journal of

INFORMETRICS

Journal of Informetrics

journal homepage: www.elsevier.com/locate/joi

Are top-cited papers more interdisciplinary? @ CroseMak

Shiji Chen?, Clément Arsenault®*, Vincent Lariviére®

3 China Agricultural University Library, 2 Yuanmingyuan Xilu, Beijing, China

b Ecole de bibliothéconomie et des sciences de I'information, Université de Montréal, C.P. 6128, succ. Centre-ville, Montréal, QC,
Canada H3C 3]7

¢ Ecole de bibliothéconomie et des sciences de I'information, Université de Montréal, and Observatoire des Sciences et des Technologies
(OST), Centre Interuniversitaire de Recherche sur la Science et la Technologie (CIRST), Université du Québec a Montréal, Montréal,

QC, Canada

ARTICLE INFO ABSTRACT
Article history: Over the last decade, the relationship between interdisciplinarity and scientific impact has
Received 17 April 2015 been the focus of many bibliometric papers, with diverging results. This paper aims at con-

Accepted 11 September 2015 tributing to this body of research, by analyzing the level of interdisciplinarity, compiled

with the Simpson Index, of the top 1% most highly cited papers and of papers with lower
Keywords: citation percentile ranks. Results shows that the top 1% most cited papers exhibit higher
Interdisciplinarity levels of interdisciplinarity than papers in other citation rank classes and that this relation-
zietr;teigflll;isrsgg::;sses ship is observed in more than 90% of NSF specialties. This suggests that interdisciplinary
Top cited papers research plays a more important role in generating high impact knowledge.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It is now widely recognized that interdisciplinary research (IDR) is an effective model for stimulating innovation, spark-
ing creativity and tackling pressing and complex societal issues (Aboelela et al., 2007, p. 330; Rafols, Leydesdorff, O’'Hare,
Nightingale, & Stirling, 2012, p. 1262; Rinia, 2007, pp. 5-6). Being usually problem- or mission-oriented in nature (Gibbons
et al.,, 1994, p. 5; Hirsch Hadorn, Pohl, & Bammer, 2012; Klein, 1990, p. 58; Kueffer et al., 2012) it is claimed that IDR is
especially apt to address large scientific challenges that require holistic integrative approaches from a variety of disciplines
(Morillo, Bordons, & Gémez, 2003, p. 1237; NSF, 2009). IDR integrates heterogeneous knowledge to generate new one,
which in turn can be diffused across several disciplines (Klein, 1990, p. 11; Liu, Rafols, & Rousseau, 2012; Meadows, 1976).
Knowledge integration among two or more disciplines seems to be the fundamental element in the most widely accepted
operational definitions of interdisciplinary research (Klein & Newell, 1998; National Academies, 2004; Porter, Roessner,
Cohenm, & Perreault, 2006, p. 189; Porter & Rafols, 2009, p. 720), although slightly softer definitions of IDR (NSERC, 2012)
will evoke interaction rather than integration among disciplines that may lead to “full integration of concepts, methodology,
procedures, theory, terminology, data, organization of research and training.”

Many important scientific discoveries and breakthroughs are obtained through interdisciplinary collaboration
(Cummings & Kiesler, 2014). Striking instances of large-scale fruitful IDR endeavours that are often cited as exemplary
research include for instance the discovery of DNA and the identification of its double-helix structure which was made
possible through collaborative research among biologists, physicists and chemists, and the Human Genome Project which
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involved scientists from many disciplines, such as biology, chemistry, genetics, physics, mathematics, and computer science
(Bretscher, 2008; Institute of Medicine, 2000, p. 24; Meldrum, 1995; Olby, 1974). These large-scale undertakings are indeed
spectacularly successful but nowadays IDR is more and more prevalent even in small-scale projects that address problems
that are inherently interdisciplinary. Consequently IDR is gaining recognition as an efficient modus operandi that many claim
should be globally encouraged and aptly funded.

Over the last twenty years, much has been written about the pros and cons of IDR and whether or not it should be promoted
in science policy. Interest in IDR emerged in the late 1960s and gained momentum after the 1970 seminar in Nice, organized
under the auspices of the Organization for Economic Co-operation and Development (OECD) (Apostel, Berger, Michaud,
& CERI, 1972; Weingart, 2012, p. 12). In a simple but persuasive study, Braun and Schubert (2003) provide quantitative
evidence of the exponential growth of the use of the terms ‘interdisciplinarity’ and ‘multidisciplinarity’ in the scientific
literature, especially since the 1990s, a testimony to the increasing interest in that topic.

Another significant work that stirred the debate and stimulated interest in IDR is the 1994 seminal report by Gibbons et al.
(1994, p. 3) in which the authors assert the existence and emergence of a new mode of knowledge production “organised
around [...] particular application[s]” that is gradually replacing the established discipline-based mode. This thesis has been
met with skepticism by some (Jacobs & Frickel, 2009; Rhoten, 2004; Weingart, 1997) on the basis that it “has been based
on impressionistic evidence only, [which] has not been supported by theoretical considerations or by systematic empirical
evidence” (Weingart, 2012, p. 12) and that “many initiatives deemed interdisciplinary are, in fact, merely reconfigurations
of old studies” (Rhoten, 2004, p. 6). Nonetheless, be it a trend or a full-fledged transition, many indicators, internal and
external, corroborate the idea that a shift, moving from “traditional” discipline-based research, toward an interdisciplinary
mode of production, has now been initiated. These indicators include for instance,

- the changing relations between and among disciplines and the emergence of many subdisciplines (specialties), along with
the increase, since the mid-1980s, in interdisciplinary citations in scientific papers (van Leeuwen & Tijssen, 2000; Lariviére
& Gingras, 2014);

- the emergence of numerous cross- or interdisciplinary research centers (Siedlok & Hibbert, 2014), the creation of various
interdisciplinary training and academic programs (Aboelela et al., 2007; Hackett & Rhoten, 2009; Mack, 2012, p. 3; NSB,
2014, pp. 2-29-2-30; NSF, 2009), and the formation of many interdisciplinary research teams (Boni, Weingart, & Evenson,
2009; Lungeanu, Huang, & Contractor, 2014);

- the founding of numerous new scholarly associations and journals who claim or encourage interdisciplinarity as part of
their mission (Jacobs & Henderson, 2012), and the emergence of object-oriented research communities through informal
communication networks (Sonnenwald, 2007);

- the recognition of the importance of IDR in research governance and science policy (Cooper, 2013; Lyall & Fletcher, 2013);

- the promotion of IDR by funding agencies (Bordons, Zulueta, Romero, & Barrigon, 1999; Lyall, Bruce, Marsden, & Meagher,
2013; Lyall & Meagher, 2012, p. 610; Rhoten & Pfirman, 2007; S&, 2008); for example, Zhang, Hao, and Yan (2001, p. 64)
showed that, over the course of the 20th century, the proportion of awarded Nobel prizes that are interdisciplinary in
nature has risen from 36% to nearly 50%, with a marked increase during the last quarter of the century, which can be
seen as a testimony to the “interconnected nature of modern cutting-edge science [. .. and] that the most interesting and
ground-breaking work is done when scientists apply their talents in new fields” (Chemistry World, 2014).

Although these indicators show that there is undeniably a growing interest in IDR, not all agree that the current move-
ment to promote and encourage IDR is worth the effort: “the case has [not] been fully made, theoretically or empirically,
for the general superiority of interdisciplinarity over disciplinary knowledge” (Jacobs & Frickel, 2009, p. 60). Furthermore,
many active researchers in the bibliometric community assert that “the literature [. . .] has not reached a point that permits
meaningful assessment of IDR” (National Science Board, 2010, p. 5-35) and that “developing a generally agreed-on concept
of interdisciplinary research and measuring how it has grown have proven to be challenging” (NSB, 2014, p. 5-18). Jacobs
and Frickel (2009, p. 52) remain critical and assert that: “systematic efforts to develop evaluative criteria for judging inter-
disciplinary knowledge have been slow to develop, and direct empirical evidence on how the quality of interdisciplinary
research is assessed remains thin.” Despite these critics, there is much agreement that there is a need for more empirical data
on the worth and validity of IDR. In order to contribute to this ongoing debate, this paper assesses the interdisciplinarity
level of papers, and its relationship with the scientific impact of scientific papers, as measured by percentile rank in the
citation distribution.

2. Literature review

Empirical research on the measurement and evaluation of IDR is indeed slow to materialize, but throughout the past
decade or so the bibliometric community has been increasingly focusing on that problem and IDR has emerged as an
important topic in the scientific literature.
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2.1. Interdisciplinarity evolution and variation

Various indicators have been proposed to measure IDR activity. Such indicators, typically compiled using bibliometric
methods, have mainly relied on the discipline and specialty of cited documents, which allowed to compile “the percentage
of citations within and outside of the disciplinary groupings” (McCain & Whitney, 1994, p. 286). Porter and Chubin (1985)
showed that Citation Outside Category can be used as a valid indicator of IDR activity. In their analysis they found that
citations outside broad categories are infrequent. In a small-scale study, Hurd (1992) looked at publication patterns of
faculty at a chemistry university department and measured a relatively high degree of interdisciplinarity (over 49%) in their
published scientific literature, although, in her analysis she conjectures that “detailed analysis of interdisciplinarity variation
by specialty [...] might reveal significant differences in use of materials” (p. 294). This was to be confirmed by subsequent
studies, notably that of Qin, Lancaster, and Allen (1997) who studied the literature from the natural sciences and found that
“the levels and types of interdisciplinarity collaboration varied in different disciplines” (p. 914). Another small-scale study
by Ortega and Antell (2006) also showed that, while cross-disciplinary citation rates in Chemistry increased from 1985 to
2000, it was not the case for Biology and Physics. The heterogeneity of interdisciplinarity pattern amongst disciplines was
also detected by van Leeuwen and Tijssen (2000) who, despite observing - through analysis of cross disciplinary citations —
an “increase in interdisciplinarity across a wide variety of disciplines,” note that there are “significant differences between
[sic] disciplines in terms of interdisciplinary orientation” (p. 187).

Porter and Rafols (2009) studied six domains in the natural sciences over a 30-year period and measured increased
interdisciplinarity in all six domains which led them to conclude that “science is [. ..] becoming more interdisciplinary but
in small steps” (p. 741). Also, in their longitudinal study, Gingras and Lariviére (2010) found that “the historical patterns
[of interdisciplinarity] differ greatly whether we look at natural, social or biomedical sciences [but that] in all cases though,
interdisciplinarity raises since the 1990s” (p. 100). Levitt, Thelwall, and Oppenheim (2011) who studied 14 social sciences
subjects arrive at a similar conclusion: “interdisciplinarity in social science [...] increased substantially between 1990 and
2000 [but it] varied considerably between [sic] subjects” (p. 1127). On the whole, most bibliometric studies tend to indicate
that IDR is on the rise, especially since the 1990s, but that the progression is occurring at various rates among disciplines.

2.2. Impact of IDR

Another issue that is frequently addressed in the literature relates to the scientific impact of IDR. Many researchers claim
that IDR plays a critical role in science and produces many ground-breaking scientific discovery. Several studies try to provide
empirical evidence on the importance of IDR in science by comparing quantitative measures - usually based on scientific
impact - between disciplinary and interdisciplinary research.

Since citation count is commonly considered to be closely correlated with scientific impact, several studies have explored
the citation rates difference between interdisciplinary and disciplinary research and many of these find a positive relation
indicating that IDR generates higher scientific impact over disciplinary research. Levitt and Thelwall (2009) investigated the
citation counts of highly cited papers in the field of Information Science and Library Science. They found that, in general,
papers published in multidisciplinary journals (i.e., papers published in journals covering IS&LS as well as at least one other
discipline) have a much higher incidence in their sample of highly cited papers than papers published in strictly disciplinary
journals. The results of their study thus suggest that promotion of IDR “in IS&LS may be conducive to improving its quality
of research” (p. 57). Using Brillouin’s diversity index, Steele and Stier (2000) studied the forestry scientific literature to
measure articles’ interdisciplinarity from the perspective of their authors, subject matter and cited literature. They found a
positive correlation between the degree of interdisciplinarity of articles and their citation frequency which indicates that
“interdisciplinary methods have made a measurable and positive impact on the forestry literature” (p. 476).

Results from other studies show a negative relation and indicate that IDR does not necessarily produce higher impact
papers than does disciplinary research. In their study of physics research programs in the Netherlands, Rinia, van Leeuwen,
and van Raan (2002) showed that interdisciplinary programs have received lower scores on “a number of ‘elementary’ bib-
liometric indicators” (p. 245) such as absolute number of citations and impact factors of journals in which they publish,
which suggests that interdisciplinary research is disadvantaged by traditional bibliometric indicators. Using the interdis-
ciplinarity of cited references among the Thomson Current Contents subject categories and discipline-normalized citation
counts of two research-intensive United Kingdom universities, Adams, Jackson, and Marshall (2007) found that the most
interdisciplinary articles were in fact cited as much as the average article. They also found that the cited references of the
most cited articles had average levels of interdisciplinarity — rather than very low or very high levels of interdisciplinarity
- and conclude that “there is no evidence to support [the claim that interdisciplinary] articles receive systematically fewer
citations than more monodisciplinary publications” (p. 2). Levitt and Thelwall (2008) conducted a macrolevel study on the
scientific impact of IDR in a variety of subjects in order to measure “the extent to which the level of disciplinarity correlates
with citation” (p. 1973). Their results indicate that in the natural and health sciences, IDR - defined as papers published in
journals to which more than one subject category was assigned - has a weaker scientific impact than disciplinary research
and that in the social sciences, both types of research obtain similar citation rates.

Along these lines, Lariviére and Gingras (2010) obtained mixed results as they could not measure a clear direct correlation
between the level of interdisciplinarity of articles and their citation rates. At a finer level of analysis, they showed that for
some disciplines “a higher degree of interdisciplinarity is correlated with lower citation rates [whereas in other disciplines] a
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moderate interdisciplinarity is associated with higher citation rates” (p. 129). More recently, Lariviére, Haustein, and Borner
(2015) compiled the citations received of over nine million interdisciplinary articles, based on the interdisciplinarity of the
references they cite. Their analysis show that the majority (nearly 70%) of co-cited interdisciplinary pairs form a “win-win”
relationship (i.e., papers that cite them have higher citation impact) whereas only a small proportion (3.3%) form a “lose-
lose” relationship. They also showed that distance between subdisciplines of co-cited papers - obtained using their position
on the UCSD map (Borner et al., 2012) — was positively associated with scientific impact. In other words, the more distant
on the UCSD map the co-cited subdisciplines pairs were, the higher the scientific impact. Also working at the level of pairs
of cited papers, Uzzi, Mukherjee, Stringer, and Jones (2013) showed that papers citing both atypical and conventional pairs
of papers were the most cited. Such results, however, vary across disciplines (Boyack & Klavans, 2014). Using three aspects
of interdisciplinary relationships - variety, balance, and disparity - Wang, Thijs, and Glanzel (2015) show that the effect of
interdisciplinarity on impact varies with the indicator and citation window used: while variety and disparity have a positive
effect on long-term citations, balance is associated with a decrease in citations. However, positive effects for variety and
disparity are not observed on the short term and the effects are significantly negative in the short term for variety and
disparity. Their approach was similar to the one previously used by Yegros, D’Este, and Rafols (2013) who found an inverted
U-shaped relationship between degree of interdisciplinarity and citation impact.

On the whole, previous studies on the relationship between interdisciplinarity and scientific impact obtained diverging
results, mainly because of the different IDR indicators used as well as of the different disciplines on which they focused.
There is, however, one finding that is common to most bibliometric studies performed thus far: when conceptualized and
operationalized using cited references, strictly disciplinary research typically receives a lower number of citations.

Arecent study by Chen, Arsenault, Gingras, and Lariviére (2015)(November 2014 ) analyzed highly cited papers to compare
the performance of IDR over disciplinary research over a one hundred year period. The study findings reveal the importance
of IDR, more specifically at the specialty level, “as it provides most of the references of these highly cited papers” (p. 2). Based
on these results we can conjecture that there might be a correlation between a paper’s percentile rank in terms of citations
received and its level of interdisciplinarity. That is to say, do high top cited papers exhibit high levels of interdisciplinary?
In this paper we propose to explore the phenomena of interdisciplinarity from the angle of percentile rank class, in order to
assess whether top cited papers are more likely to be interdisciplinary, and to measure the extent to which a higher level of
interdisciplinarity leads to a higher percentile rank in the distribution of citations.

3. Data and methods
3.1. Data Set

Our data set is composed of all journal articles (source items) indexed in Thomson Reuters’ Web of Science published
in the year 2000 (totaling 751,766 source items in various disciplines) and the list of references they cited which could be
found in the database as a source item. Citations are counted until the end of 2013. Hence, scientific impact measured here
can be considered as long term (Wang et al., 2015). The year 2000 was chosen for two reasons: first, it allows enough time to
measure the scientific impact of the papers; second, it reuses the same data set from the Lariviere and Gingras (2010) study
which makes it easier to compare results.

3.2. Discipline classification and definitions

The disciplinary classification of journals used in this study is that of the U.S. National Science Foundation (NSF) which
categorizes each journal into one and only one discipline and specialty (i.e., subdiscipline). This classification includes 14
general disciplines that are declined into 143 specialties. Our study explores interdisciplinarity from the perspective of both
disciplines and specialties (i. e., interspecialty) which roughly corresponds to Rinia’s two levels of interdisciplinarity, “big”
and “small” (Rinia, 2007). We adapt this framework to the NSF classification system and analyze interdisciplinarity from the
perspective of “interdisciplinarity” (big interdisciplinarity) and “interspecialty” (small interdisciplinarity), respectively.

3.3. Percentiles and percentile rank classes

Our methodology uses percentiles and percentile rank classes (PR) which, given the skewness of citation distributions
(Seglen, 1992), are seen as an alternative to mean-based indicators for obtaining a normalized citation impact of publications
(Bornmann, Leydesdorff, & Mutz, 2013a, p. 164). A percentile is simply defined as “a value below which a certain proportion
of the observations fall” (Bornmann et al., 2013a, p. 159). Each source item from our data set was assigned to a percentile in
terms of its position in the citation distribution of papers from the same specialty in the dataset. In this paper we follow the
procedure presented in Bornmann et al. (2013b, p. 935) to compute the percentile rank of each source item. The procedure
follows three basic steps:

(1) All source items in the set were ranked in decreasing order by their number of citations over the 2000-2013 period;
publications with equal citation counts were assigned their average rank;
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(2) The percentile rank of each publication was computed using the formula 100 x (i — 0.5)/n (n being the number of papers
and i the rank value) (see Bornmann et al., 2013a, p. 159-160, for more details on this);
(3) Publications with zero citations were assigned a rank of 0.

In order to interpret the performance of a publication unambiguously, each publication can be assigned to a PR. The most
commonly used PR schemes are those that calculate the proportion of frequently (the top x%) cited publications (Waltman
& Schreiber, 2013). The value of x is often set to 10 (Bornmann, de Moya Anegoén, & Leydesdorff, 2012; Waltman et al., 2012)
since the top 10% is usually used to evaluate the research performance of scientists, research institutes, research groups,
countries or other units. Another commonly used scheme, referred to as PR(6), divides publications into six percentile rank
classes. PR(6) is the scheme applied by the US National Science Foundation (NSF) in their Science and Engineering Indicators
(NSB, 2014, p. 5-48-5-62) and by Thomson Reuters in their Essential Science Indicators (ESI).!

In our study we use the six percentile classes of the NSF which are as follows:

(1) PR_50, (papers with a percentile smaller than the 50th percentile),

(2) PRsg, (papers within the 50th and 75th percentile interval),

(3) PRys, (papers within the 75th and 90th percentile interval),

(4) PRggsh, (papers within the 90th and 95th percentile interval),

(5) PRgsy, (papers within the 95th and 99th percentile interval),

(6) PRgoy, (papers with a percentile equal to or larger than the 99th percentile).

3.4. Interdisciplinary distribution indicator

In a recent report, Wang et al. (2015) indicate that “one possible explanation for [. . .] conflicting results pertains to [. . .]
different choices of the interdisciplinarity measure.” Furthermore, they remind us that interdisciplinarity is a concept that
can be operationalized in several manners—all of which can lead to different types of indicators which, in turn, measure
different dimensions of the concept. Yegros et al. (2013) surveyed the variety of indicators developed to measure IDR and
illustrated how these indicators taken individually fail to provide a comprehensive measure that would incorporate all the
attributes of diversity identified by Stirling (2007, p. 709), namely variety, balance and disparity/similarity. The latter of these
three attributes refers to “the manner and degree in which the elements may be distinguished” and cannot be measured by
typical diversity measures such as Simpson’s (Rafols & Meyer, 2010) upon which our indicator is based. As a consequence,
our results can only provide insights variety (number of disciplines cited) and balance (proportions of references in each
discipline) dimensions of the indicator.

The reverse Simpson index is adopted in this paper because it is simple to calculate and it is a normalized indicator
(namely its values range from 0 to 1). The Simpson index (1) is “a measure of the concentration of the classification” when
individuals are classified into groups (R). More specifically, A refers to “the probability that two individuals chosen at random
and independently from the population will be found to belong to the same group” (Simpson, 1949, 688):

With this definition and formula, A would attain small values in datasets of high diversity (in our case high interdisciplinar-
ity) and large values in datasets of low diversity (in our case low interdisciplinarity) which is somewhat counterintuitive
for an interdisciplinarity indicator. Taking this into account we have instead used the transformed Simpson index (1 — 1) to
reverse the indicator so that its values increase rather than decrease with interdisciplinarity which is the property we aimed
to measure.

Fig. 1a and b, respectively, present the distribution of publications as a function of their interspecialty and interdisci-
plinarity scores based on the Simpson index. Values ranging from O up to 0.1 are compiled as 0.1, those above 0.1 up to 0.2
as 0.2, and so on. As can be seen on the figures the distribution of interspecialty and interdisciplinarity is not distributed
evenly. For interspecialty, publications fall mainly in Simpson index values of 0.1, and between 0.4 and 0.8. For interdisci-
plinarity, more than half of publications are concentrated in Simpson values between of 0 and 0.1 and between 0.4 and 0.5.
Furthermore we observe that very few publications have high levels of interdisciplinarity. On the whole, both figures exhibit
distributions that are skewed.

In order to take into account the skewness of the distributions, we used a rank-based interdisciplinarity indicator, namely
the Simpson Expected Value (SEV). SEV is similar to the Discipline Interdisciplinary Indicator (DII) defined in our previous
study (Chen, Arsenault, Gingras, & Lariviere, 2015). SEV is more suitable for describing the interdisciplinarity characteristics
of percentile rank classes as it is constructed on the basis of percentile rank scores (PRS), used to describe the citation counts
distribution in evaluative scientometrics (Bornmann, 2010, p.441).In our study we divided articles into ten interdisciplinarity

1 The six percentile rank classes used in ESI are slightly different than those of the NSF. The citation count thresholds on six percentile rank class (namely
top 50%, top 20%, top 10%, top 1%, top 0.1% and top 0.01%) are defined in the baselines of ESI: http://esi.webofknowledge.com/help/h_datbas.htm.
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Fig. 1. Distribution of publications as a function of their interspecialty (a) and interdisciplinarity (b).

rank classes according to their Simpson index, ranging from 0.0-0.1, to 0.9-1.0. SEV is calculated using the following formula:

K
SEV = Zx -p(x)
x=1

K denotes the number of interdisciplinarity rank classes, x is a discrete variable with x=1 to K, and p(x) its percent-
age of articles in a given interdisciplinary rank class. An example of how SEV is calculated is presented in Appendix A.
The probability that an article falls in a given interdisciplinarity rank class is proportional to the width of the rank class.
Given that SEV classes all have the same width ([0.0-0.1[, [0.1-0.2][... [0.9-1.0[), and that there are 10 SEV classes, the
probability that an article falls in a given SEV class is 0.1. This expected SEV is taken as the reference SEV and obtained by
summing up the products of interdisciplinarity rank class proportions with the class number, according to the following
calculation: 0.1 x (1+2+3+4+5+6+7+8+9+10)=>5.5. Papers with SEV values above 5.5 are therefore considered as more
interdisciplinary than expected.

3.5. Interdisciplinarity change score

Our study explores the relation between interdisciplinarity distribution characteristics and percentile rank classes at the
level of NSF disciplines and specialties, respectively. There are only fourteen disciplines in the NSF classification systems,
so at the discipline level, it is easy to visually analyze the interdisciplinary distributions on simple histograms. However,
at the specialty level, the task of analyzing the correlation between interdisciplinarity and percentile rank class becomes
cumbersome because of the high number of specialties (143 in the NSF classification), and representation through histograms
isnot conducive to visual analysis. We therefore defined an Interdisciplinarity Change Score (ICS) to determine the correlation
between interdisciplinarity and percentile rank class at the specialty level. To compute the ICS index for specialties, we
arranged our original six percentile rank classes in order from PRgg, to PR_50tn, computed SEV of each percentile rank
class and obtained the ICS score by comparing interdisciplinarity of one percentile rank class with that of the neighboring
percentile rank classes. The formula used to calculate the ICS is as follows (where N is the number of percentile rank classes
(in this study six)?):

N-1

ICS = "5 (SEVex,, SEVex,,, )
i=1

SEVpy, is the ICS score of the PR; percentile rank class. If SEVPR; > SEVpg,, . then 1) (SEVPRl-, SEVpRm) =1, otherwise

1) (SEVPR,-, SEVpRM) = 0. With this calculation, when within one specialty the SEV value at any given percentile rank class
is consistently higher than the value measured in the preceding percentile rank class, the ICS of that specialty equates 5. On
that basis, with a six-level scheme, ICS scores can range from 0 to 5. To further analyze specialties whose ICS score is lower
than 5 we calculate a second ICS, this time based on a three-level rank class obtained by aggregating the six percentile rank
classes into a three-level scheme, namely “high”, “medium” and “low” percentile ranks. The “high” percentile rank combines
PRggh» PRos¢, and PRgqyp,, the “medium” percentile rank includes PRy, and PRsq,, Whereas the low percentile rank is equal
to PR_s5q¢y. When a specialty’s original ICS score was lower than 5, we computed a new ICS according to the three-level
aggregated scheme. Because this scheme has three levels, the ICS scores can range from O to 2 and we believe that a new

2 The six percentile rank classes, namely PRogh, PRos¢h, PRooth, PR75¢h, PRsogn, PR-s50¢h, are defined from 1 to 6 and renamed as PRy, PRy, PR3, PRy, PRs, PRg.
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Fig. 2. Interdisciplinarity (SEV) as a function of papers’ citation percentile rank class—Social Sciences and Humanities.

ICS score of 2 would be indicative of a fairly high level of interdisciplinarity in higher percentile rank classes. In order to
distinguish our two ICS scores, “ICSg- is used to designate the ICS based on the six-level percentile rank class scheme, and
“ICS3» is used to designate the ICS based on the aggregated three-level percentile rank class scheme.

4. Results
4.1. Interdisciplinarity and scientific impact at the level of disciplines

Fig. 2, for Social Sciences and Humanities, and Fig. 3, for Natural Sciences and Medicine, present for each discipline, the
SEV of a group of papers as a function of their percentile rank score in terms of citations. Most of the histograms presented in
the two figures show that groups of papers with a higher percentile rank class in terms of citations also exhibit higher levels
of interdisciplinarity (SEV). For Social Sciences and Humanities disciplines, only Psychology exhibits a somewhat different
pattern than the other disciplines as its median percentile rank classes have slightly higher interdisciplinarity than the high
and the low percentile rank classes. For disciplines in Natural Sciences and Medicine, only two of the eight disciplines, namely
Biomedical Research and Earth and Space, have interdisciplinarity patterns that are not increasing regularly along with the
percentile rank classes. The interdisciplinarity of Biomedical Research decreases all through the increasing percentile rank

6
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Biology Biomedical  Chemistry Clinical Earthand  Engineering Mathematics Physics
Research Medicine Space and
Technology

B PR<50th m PR50th PR75th PR90th PR95th PR99th

Fig. 3. Interdisciplinarity (SEV) as a function of papers’ citation percentile rank class—Natural Science and Medicine.
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Fig. 4. Science map of NSF disciplines. (A) All relationships; (B) Type-1 specialties; (C) Type-2 specialties; (D) Type-3 specialties.

classes, up until the PRqgg, Wwhere it raises sharply; for Earth and Space we observe a similar pattern that was observed with
Psychology: its median percentile rank classes show more interdisciplinarity than the lower and higher rank classes.

The results globally show that, for most disciplines, the higher the percentile rank, the more important the interdisci-
plinary research. As it is shown on the histograms, interdisciplinary research is usually more important for high percentile
rank than low percentile rank classes. This is a very interesting phenomenon. Whether IDR plays an important role in one
discipline or not, our data clearly shows that IDR is more important for high percentile rank than for low percentile rank.

4.2. Interdisciplinarity and scientific impact at the level of specialties

By examining the SEV values obtained for the 143 NSF specialties through our six citation percentile rank classes, we find
that 65 specialties (45.5%) obtain values above 5.5 in all six percentile rank classes. In addition, the SEV value is above 5.5
for 117 specialties (81.8%) at PRqgyy,, for 108 specialties (75.5%) at PRgg, and PRgsp,, and for 103 specialties (72%) at PRggp,
PRgs;, and PRggy, (see Table 1). As it can be considered that papers in PRgg;y,, PRoss, and PRgqyy, represent highly cited papers
and that high citation is often associated with high research quality, we can infer that, for most specialties, interdisciplinary
research (at the interspecialty level) has a greater scientific impact.
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Table 1
Number (proportion) of specialties with SEV values above 5.5.
Percentile rank class Number of specialties with SEV above 5.5
PRgoth 117(81.8%)
PRyt and PRgsh 108(75.5%)
PRootn, PRosen and PRgorn 103(72.0%)
All PRs 065(45.5%)
Table 2
Number (proportion) of specialties by type.
Specialty type Number of specialties
Type-1 specialties (ICS¢ =5) 52(36.4%)
Type-2 specialties (ICSg <5 and ICS3 =2) 77(53.8%)
Type-3 specialties (ICSg <5 and ICS; <2) 14(09.8%)

The relationship between interspecialty and the percentile rank classes is examined further by computing the ICS of the
143 specialties for the six percentile rank classes and for the aggregated three-level percentile rank classes (“high,” “medium”
and “low” as defined above in the methods section). Based on the ICS scores obtained we can divide the specialties into three
types. Type-1 specialties are those with an ICSg score of 5. These specialties see their interdisciplinarity increase steadily
with the increase of each percentile rank class. Type-2 specialties are those whose ICSg score is lower than 5 but with an
ICS3 score of 2 (i.e., their interdisciplinarity also increases with the increase of each aggregated percentile rank class, but to
alesser degree). Type-3 specialties are those where no obvious relationship between interdisciplinarity and percentile rank
classes was observed. Results are summarized in Table 2.

We used science overlay maps (Fig. 4A-D) based on the NSF classification system to visualize the specialties by type. We
identified 52 specialties (36.4%) of type-1 whose ICSg is equal to 5. Fig. 3b presents these specialties’ distribution on the global
NSF science map. We can clearly see that most of these specialties occupy the bottom right of the map. We also find some
specialties located at the upper end of the map but only a few specialties located at bottom left of the map. These specialties
mostly belong to the fields of Engineering and Technology, Clinical Medicine, Physics, Chemistry, and Social Sciences. We
found 77 specialties (53.8%) in the type-2 category because, although their ICSg is lower than 5, their ICS3 is equal to 2.
These specialties appear on Fig. 3c. It was interesting to note that most type-2 specialties are located at the upper part of the
science overlay map, the zone which mainly includes Biomedical Research, Clinical Medicine, and Biology; the bottom left of
the map is also populated with type-2 specialties including Social Sciences, Psychology, Health, Humanities. Finally, type-3
specialties (whose ICSg is lower than 5 and ICS3 is lower than 2) include 14 specialties (9.8%) illustrated on Fig. 3d. Quite
evidently we note that these specialties tend to distribute at the three poles of the map, areas far away from interaction
between disciplines. On the whole, these figures suggest that specialties that benefit most, in terms of citations, from citing
other specialties are those that have higher interdisciplinary ties, while disciplines that are more insular do not benefit, in
terms of citations, from such interdisciplinary relationships.

60%
50%
40%
30%
20%
10% I I
| .
1 2 3 4 5 6 7 8 9 10

Interdisciplinarity groups

Proportion of publications

PR<50 PR50th PR75th PR9O0th PRO5th m PR99th

Fig. 5. Proportion of publications of the six citation percentile ranks, as a function of its interdisciplinarity group (Physics).
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4.3. Interdisciplinarity classes and scientific impact: A closer look at physics

In order to test this phenomenon further, we analyzed the interdisciplinarity characteristics of Physics papers. Physics
papers, totaling 90,874 source items published in the year 2000, were divided into ten groups on the basis of their interdis-
ciplinarity value; interdisciplinarity between 0 and 0.1 are compiled in group 1, those between 0.1 and 0.2 in group 2, and so
on, for a total of 10 classes (Fig. 5). It shows that in group 1 (papers that are essentially mono-disciplinary), there is a greater
proportion of papers in the lower citation rank-classes, and a lesser proportion in the high percentile ranks. In the other
interdisciplinary groups (except in group 5 where no clear pattern can be detected), a greater proportion of publications can
be found in high percentile ranks than in low percentile ranks. These results confirm, for the field of physics, the positive
relationship between papers’ level of interdisciplinarity and their scientific impact.

5. Discussion and conclusion

Over the last decade or so, the relationship between interdisciplinarity and scientific impact has been the focus of many
bibliometric papers, using different methods and obtaining, often, diverging results. For instance, while Adams et al. (2007),
Lariviere and Gingras (2010), Lariviere etal.(2015),Uzzietal.(2013)and Wangetal.(2015) all operationalize interdisciplinar-
ity through the analysis of papers’ cited references, they do not completely agree on the extent to which interdisciplinarity
affect scientific impact. This paper aims a contributing to this debate, by analyzing the level of interdisciplinarity, using the
Simpson Index, of top 1% most highly cited papers, as well as of papers of lower citation percentile ranks. It shows that, in each
and every discipline - except Earth and Space -, the top 1% most cited papers exhibit higher levels of interdisciplinarity than
papers in other citation rank classes. At the level of NSF specialties, in the large majority of cases (90.2%) interdisciplinarity
increase steadily with the increase of citation percentile rank class.

Previous research Chen et al. (2014), validated the importance of IDR as it showed that, over the past 30 years or so
interdisciplinary papers provide most of the references to a set of highly cited papers (the top 1%), especially when we
consider interspecialty (i.e., relationships between subfields). Since highly cited papers can be considered as high quality
papers that play a critical role in the development of science, it is possible to conjecture that IDR plays a more critical role
than disciplinary research in creating major discoveries or that its scientific impact is greater. The present study reinforced
that idea since, for most disciplines and specialties, the interdisciplinarity in the high percentile rank class is higher than
that in the low percentile rank classes. From these results we can then infer that IDR plays a more important role in the high
percentile rank classes of citations than in the low percentile rank classes. It is essential to note that since our measures are
obtained through percentile rank classes for a set of publications, we cannot conclude that, for a single article, being more
interdisciplinary will inherently result in higher scientific impact.

In a manner similar to Lariviére and Gingras (2010), our results also show that the increase of papers’ citation rates
as a function of interdisciplinarity is higher for subfields with lower citation rates (Humanities, Mathematics, Engineering
and Technology, etc.) than for subfields with higher citation rates, like Biomedical Research. Indeed, for the latter field, we
observe a decrease in the level of interdisciplinarity of papers as heir citation rank increases — except for the top 1% most cited
papers, which have the highest level of interdisciplinarity. This suggests that, by citing papers from other disciplines and
specialties — which is the basis of the interdisciplinarity indicator used here - papers become more associated to the fields
they cite rather than to the journal in which they are published and, hence, are more likely to obtain the citation rates of the
fields they cite. For example, a paper that is published in a journal from the Humanities—where citation rates are low—that
cites a lot of Biomedical Research—where citation rates are high - is more likely to be, in turn, cited by Biomedical Research
papers and, hence, obtain citation rates that are greater than those of the typical Humanities paper>. In this context, the use
of the citing side field-normalization method - where papers’ citation rates are compared to those of papers having similar
referencing behavior (Zitt & Small, 2008; Waltman & van Eck, 2013) — might provide different results. Bringing emphasis on
the citation normalization method rather than on the operationalization of the concept of interdisciplinarity, would likely
contribute to a better understanting of this complex and controversial relationship.
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Appendix A.

We take Physics as an example to illustrate the calculation process of disciplinary SEV. Our data contained 90,874 Physics
papers. The number of papers and their proportion in each interdisciplinary rank class is listed in Table A1. Using our formula

Table A1

Number of publications, class number (x), and proportion (p(x)) of each class in Physics.
Interdisciplinary rank class” X Number of papers P(x)
0.1 1 39,799 0.44
0.2 2 10,151 0.11
0.3 3 9,251 0.10
04 4 8,746 0.10
0.5 5 13,539 0.15
0.6 6 5,242 0.06
0.7 7 3,650 0.04
0.8 8 488 0.01
0.9 9 8 0.00
1 10 0 0.00

" In the column of interdisciplinary rank class, rank 0.1 indicates interdisciplinarity ranging from 0 up to 0.1, rank 0.2 indicates interdisciplinarity above
0.1 up to 0.2, and so on.

we can calculate the SEV of Physics as follows:

SEVphysics =1 x 0.44+2 x 0.11+3 x 0.10+4 x 0.10+5 x 0.15+6 x 0.06 +7 x 0.04+8 x 0.01+9 x 0.00+10 x 0.00=2.83

In the column of interdisciplinary rank class, rank 0.1 indicates interdisciplinarity ranging from 0 up to 0.1, rank 0.2
indicates interdisciplinarity above 0.1 up to 0.2, and so on.

References

Aboelela, S. W., Larson, E., Bakken, S., Carrasquillo, O., Formicola, A., Glied, S. A., et al. (2007). Defining interdisciplinary research: Conclusions from a critical
review of the literature. Health Services Research, 42(1), 329-346. http://dx.doi.org/10.1111/j.1475-6773.2006.00621.x

Adams, J., Jackson, L., & Marshall, S. (2007). Bibliometric analysis of interdisciplinary research: Report to the Higher Education Funding Council for England. Leeds,
England: Evidence. (http://webarchive.nationalarchives.gov.uk/20100202100434/http://hefce.ac.uk/pubs/rdreports/2007/rd19.07/)

Apostel, L., Berger, G., Michaud, G., & Centre for Educational Research and Innovation. (1972). Interdisciplinarity: Problems of teaching and research in
universities. Paris, France: Organisation for Economic Co-operation and Development.

Boni, A. A., Weingart, L. R., & Evenson, S. (2009). Innovation in an academic setting: Designing and leading a business through market-focused, interdisci-
plinary teams. Academy of Management Learning and Education, 8(3), 407-417.

Bordons, M., Zulueta, M. A., Romero, F., & Barrigdn, S. (1999). Measuring interdisciplinary collaboration within a university: The effects of the multidisci-
plinary research programme. Scientometrics, 46(3), 383-398. http://dx.doi.org/10.1007/BF02459599

Borner, K., Klavans, R., Patek, M., Zoss, A. M., Biberstine, ]. R, Light, R. P., et al. (2012). Design and update of a classification system: The UCSD map of science.
PLoS ONE, 7, e39464. http://dx.doi.org/10.1371/journal.pone.0039464

Bornmann, L. (2010). Towards an ideal method of measuring research performance: Some comments to the Opthof and Leydesdorff (2010) paper. Journal
of Informetrics, 4(3), 441-443. http://dx.doi.org/10.1016/].j0i.2010.04.004

Bornmann, L., de Moya Anegén, F., & Leydesdorff, L. (2012). The new excellence indicator in the world report of the SCImago institutions rankings 2011.
Journal of Informetrics, 6(2), 333-335. http://dx.doi.org/10.1016/j.joi.2011.11.006

Bornmann, L., Leydesdorff, L., & Mutz, R. (2013). The use of percentiles and percentile rank classes in the analysis of bibliometric data: Opportunities and
limits. Journal of Informetrics, 7(1), 158-165. http://dx.doi.org/10.1016/j.j0i.2012.10.001

Bornmann, L., Leydesdorff, L., & Wang, ]. (2013). Which percentile-based approach should be preferred for calculating normalized citation impact val-
ues? An empirical comparison of five approaches including a newly developed citation-rank approach (P100). Journal of Informetrics, 7(4), 933-944.
http://dx.doi.org/10.1016/j.j0i.2013.09.003

Boyack, K. W,, & Klavans, R. (2014, September). Atypical combinations are confounded by disciplinary effects. In Proceedings of the science and technology
indicators conference 2014, Leiden (pp. 64-70). Retrieved from (http://sti2014.cwts.nl/download/f-y2w2.pdf).

Braun, T., & Schubert, A. (2003). A quantitative view on the coming of age of interdisciplinarity in the sciences, 1980-1999. Scientometrics, 58(1), 183-189.
http://dx.doi.org/10.1023/A%3A1025439910278

Bretscher, A. (2008 December). Why an interdisciplinary biological research institute now? Cornell Chronicle,. Retrieved from (http://www.news.cornell.edu/
stories/2008/12/why-interdisciplinary-research-institutes-now).

Chemistry World. (2014 November). An interdisciplinary celebration. Chemistry World. Retrieved from (http://www.rsc.org/chemistryworld/2014/10/nobel-
prize-editorial).

Chen, S., Arsenault, C., Gingras, Y., & Lariviére, V. (2015). Exploring the interdisciplinary evolution of a discipline: The case of biochemistry and molecular
biology. Scientometrics, 102(2), 1307-1323. http://dx.doi.org/10.1007/s11192-014-1457-6

Chen, S., Arsenault, C., Gingras, Y., & Lariviére, V. (November 2014). Interdisciplinarity patterns of highly-cited papers: A cross-disciplinary analy-
sis. In Poster presented at the 77th ASIS&T Annual Meeting Seattle, WA,. Retrieved from (https://www.asis.org/asist2014/proceedings/submissions/
posters/257poster.pdf).

Cooper, G.(2013). A disciplinary matter: Critical sociology, academic governance and interdisciplinarity. Sociology, 47(1), 74-89. http://dx.doi.org/10.1177/
0038038512444812

Cummings, J. N., & Kiesler, S. (2014). Organization theory and the changing nature of science. Journal of Organization Design, 3(3), 1-16.
http://dx.doi.org/10.7146/jod.18596

Gibbons, M., Limoges, C., Nowotny, H., Schwartzman, S., Scott, P., & Trow, M. (1994). The new production of knowledge: The dynamics of science and research
in contemporary societies. London, England: Sage.


dx.doi.org/10.1111/j.1475-6773.2006.00621.x
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0010
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0015
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0020
dx.doi.org/10.1007/BF02459599
dx.doi.org/10.1371/journal.pone.0039464
dx.doi.org/10.1016/j.joi.2010.04.004
dx.doi.org/10.1016/j.joi.2011.11.006
dx.doi.org/10.1016/j.joi.2012.10.001
dx.doi.org/10.1016/j.joi.2013.09.003
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0055
dx.doi.org/10.1023/A%3A1025439910278
dx.doi.org/10.1007/s11192-014-1457-6
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0080
dx.doi.org/10.1177/0038038512444812
dx.doi.org/10.1177/0038038512444812
dx.doi.org/10.7146/jod.18596
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0095

S. Chen et al. / Journal of Informetrics 9 (2015) 1034-1046 1045

Gingras, Y., & Lariviére, V. (2010). The historical evolution of interdisciplinarity: 1900-2008. In Book of Abstracts of the 11th International Conference on
Science and Technology Indicators. pp. 100-101.

Hackett, E. ]., & Rhoten, D. R. (2009). The snowbird charrette: Integrative interdisciplinary collaboration in environmental research design. Minerva, 47(4),
407-440. http://dx.doi.org/10.1007/s11024-009-9136-0

Hirsch Hadorn, C., Pohl, C., & Bammer, G. (2012). Solving problems through transdisciplinary research. In R. Frodeman, J. Thompson Klein, & C. Mitcham
(Eds.), The Oxford handbook of interdisciplinarity (pp. 431-452). Oxford, England: Oxford University Press.

Hurd, J. M. (1992). Interdisciplinary research in the sciences: Implications for library organizations. College & Research Libraries, 53(4), 283-297.

Institute of Medicine (U.S.). (2000). Committee on building bridges in the brain, behavioral, and clinical sciences. bridging disciplines in the brain, behavioral, and
clinical sciences. Washington, DC: National Academy Press.

Jacobs, J. A, & Frickel, S. (2009). Interdisciplinarity: A critical assessment. Annual Review of Sociology, 35, 43-65. http://dx.doi.org/10.1146/
annurev-soc-070308-115954

Jacobs, J. A, & Henderson, R. (2012). Interdisciplinaruty in recently founded academic journals. PSC working paper series, 12-06. Retrieved from
(http://repositoryupenn.edu/psc-working_papers/37).

Klein, . Thompson. (1990). Interdisciplinarity: History, theory, and practice. Detroit, MI: Wayne State University Press.

Klein, J. Thompson, & Newell, W. (1998). Advancing interdisciplinary studies. In W. Newell (Ed.), Interdisciplinarity: Essays from the literature (pp. 3-22).
New York, NY: College Board.

Kueffer, C., Underwood, E., Hirsch Hadorn, G., Holderegger, R., Lehning, M., Pohl, C., et al. (2012). Enabling effective problem-oriented research for sustainable
development. Ecology and Society, 17(4), 8. http://dx.doi.org/10.5751/ES-05045-170408

Lariviére, V., & Gingras, Y. (2014). Measuring interdisciplinarity. In B. Cronin, & C. R. Sugimoto (Eds.), Beyond bibliometrics: Harnessing multidimensional
indicators of scholarly impact (pp. 197-200). Cambridge, MA: MIT Press.

Lariviére, V., & Gingras, Y. (2010). On the relationship between interdisciplinarity and scientific impact. Journal of the American Society for Information Science
and Technology, 61(1), 126-131. http://dx.doi.org/10.1002/Asi.21226

Lariviére, V., Haustein, S., & Borner, K. (2015). Long-distance interdisciplinarity leads to higher scientific impact. PLOS ONE, 10(3), e0122565.
http://dx.doi.org/10.1371/journal.pone.0122565

Levitt, J. M., & Thelwall, M. (2008). Is multidisciplinary research more highly cited? A macrolevel study. Journal of the American Society for Information Science
and Technology, 59(12), 1973-1984. http://dx.doi.org/10.1002/asi.20914

Levitt, J. M., & Thelwall, M. (2009). The most highly cited library and information science articles: Interdisciplinarity, first authors and citation patterns.
Scientometrics, 78(1), 45-67. http://dx.doi.org/10.1007/s11192-007-1927-1

Levitt,]. M., Thelwall, M., & Oppenheim, C.(2011). Variations between subjects in the extent to which the social sciences have become more interdisciplinary.
Journal of the American Society for Information Science and Technology, 62(6), 1118-1129. http://dx.doi.org/10.1002/asi21539

Liu, Y., Rafols, I, & Rousseau, R. (2012). A framework for knowledge integration and diffusion. Journal of Documentation, 68(1), 31-44.
http://dx.doi.org/10.1108/00220411211200310

Lungeanu, A., Huang, Y., & Contractor, N. S. (2014). Understanding the assembly of interdisciplinary teams and its impact on performance. Journal of
Informetrics, 8(1), 59-70. http://dx.doi.org/10.1016/j.j0oi.2013.10.006

Lyall, C., Bruce, A., Marsden, W., & Meagher, L. (2013). The role of funding agencies in creating interdisciplinary knowledge. Science and Public Policy, 40(1),
62-71. http://dx.doi.org/10.1093/scipol/scs121

Lyall, C,, & Fletcher, 1. (2013). Experiments in interdisciplinary capacity building: The successes and challenges of large-scale interdisciplinary investments.
Science and Public Policy, 40(1), 1-7. http://dx.doi.org/10.1093/scipol/scs113

Lyall, C., & Meagher, L. (2012). A masterclass in interdisciplinarity: Research into practice in training the next generation of interdisciplinary researchers.
Futures, 44(6), 608-617. http://dx.doi.org/10.1016/j.futures.2012.03.011

Mack, D. C. (2012). The role of the academic library as an interdisciplinary knowledge hub. In D. C. Mack, & C. Gibson (Eds.), Iterdisciplinarity and academic
libraries (pp. 1-4). Chicago, IL: ACRL.

McCain, K. W., & Whitney, P. J. (1994). Contrasting assessments of interdisciplinarity in emerging specialties: The case of neural networks research. Science
Communication, 15(3), 285-306. http://dx.doi.org/10.1177/107554709401500303

Meadows, A. ]. (1976). Diffusion of information across the sciences. Interdisciplinary Science Reviews, 1(3), 259-267. http://dx.doi.org/10.1179/
isr.1976.1.3.259

Meldrum, D. R. (1995). Engineering in genomics: The interdisciplinary nature of genomics. IEEE Engineering in Medicine and Biology, 14(4), 443-448.
http://dx.doi.org/10.1109/51.395328

Morillo, F., Bordons, M., & Gémez, 1. (2003). Interdisciplinarity in science: A tentative typology of disciplines and research areas. Journal of the American
Society for Information Science and Technology, 54(13), 1237-1349. http://dx.doi.org/10.1002/asi.10326

National Academies (U.S.) Committee on Facilitating Interdisciplinary Research. (2004). Facilitating interdisciplinary research. Washington, DC: National
Academy Press. Retrieved from (http://www.nap.edu/books/0309094356/html/).

National Science Board. (2010). Science and engineering indicators 2010. Arlington, VA: National Science Foundation. Retreived from
(http://www.nsf.gov/statistics/seind10/pdf/seind10.pdf).

National Science Board. (2014). Science and engineering indicators 2014. Arlington, VA: National Science Foundation. Retreived from
(http://www.nsf.gov/statistics/seind14/content/etc/nsb1401.pdf).

National Science Foundation. (2009). Impact of transformative interdisciplinary research and graduate education on academic institutions: May 2008 workshop
report. Retrieved from (http://www.nsf.gov/pubs/2009/nsf0933/igert_workshop08.pdf).

Natural Sciences and Engineering Research Council of Canada. (2012). Guidelines for the preparation and review of applications in interdisciplinary research..
Retrieved from http://www.nserc-crsng.gc.ca/NSERC-CRSNG/Policies-Politiques/prepInterdiscip-prepInterdiscip_eng.asp

Olby, R. C. (1974). The path to the double helix: The discovery of DNA. Seattle, WA: University of Washington Press.

Ortega, L., & Antell, K. (2006). Tracking cross-disciplinary information use by author affiliation: Demonstration of a method. College & Research Libraries,
67(5), 446-462. http://dx.doi.org/10.5860/crl.67.5.446

Porter, A. L., & Chubin, D. E. (1985). An indicator of cross-disciplinary research. Scientometrics, 8(3-4), 161-176. http://dx.doi.org/10.1007/BF02016934

Porter, A. L., & Rafols, . (2009). Is science becoming more interdisciplinary? Measuring and mapping six research fields over time. Scientometrics, 81(3),
719-745, doi:10.1007%2Fs11192-008-2197-2.

Porter, A. L., Roessner, J. D., Cohenm, A. S., & Perreault, M. (2006). Interdisciplinary research: Meaning, metrics and nurture. Research Evaluation, 15(3),
187-195.

Qin, J., Lancaster, F. W., & Allen, B. (1997). Types and levels of collaboration in interdisciplinary research in the sciences. Journal of the American Society for
Information Science, 48(10), 893-916, doi:10.1002/(SICI)1097-4571(199710)48:10<893::AID-ASI5>3.0.CO;2-X.

Rafols, L., Leydesdorff, L., O'Hare, A., Nightingale, P., & Stirling, A. (2012). How journal rankings can suppress interdisciplinary research: A comparison
between innovation studies and business & management. Research Policy, 41(7), 1262-1282. http://dx.doi.org/10.1016/j.respol.2012.03.015

Rafols, 1., & Meyer, M. (2010). Diversity and network coherence as indicators of interdisciplinarity: Case studies in bionanoscience. Scientometrics, 82(2),
263-287. http://dx.doi.org/10.1007/s11192-009-0041-y

Rhoten, D. (2004). Interdisciplinary research: Trend or transition. Items & Issues, 5(1-2), 6-11. Retrieved from (https://s3.amazonaws.com/ssrc-
cdn1/crmuploads/new_publication_3/%7BEB384BDD-B870-DE11-BD80-001CC477EC70%7D.pdf).

Rhoten, D., & Pfirman, S. (2007). Women in interdisciplinary science: Exploring preferences. Research Policy, 36(1), 56-75. http://dx.doi.org/
10.1016/j.respol.2006.08.001


http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0096
dx.doi.org/10.1007/s11024-009-9136-0
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0105
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0110
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0115
dx.doi.org/10.1146/annurev-soc-070308-115954
dx.doi.org/10.1146/annurev-soc-070308-115954
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0125
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0135
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0140
dx.doi.org/10.5751/ES-05045-170408
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0150
dx.doi.org/10.1002/Asi.21226
dx.doi.org/10.1371/journal.pone.0122565
dx.doi.org/10.1002/asi.20914
dx.doi.org/10.1007/s11192-007-1927-1
dx.doi.org/10.1002/asi21539
dx.doi.org/10.1108/00220411211200310
dx.doi.org/10.1016/j.joi.2013.10.006
dx.doi.org/10.1093/scipol/scs121
dx.doi.org/10.1093/scipol/scs113
dx.doi.org/10.1016/j.futures.2012.03.011
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0205
dx.doi.org/10.1177/107554709401500303
dx.doi.org/10.1179/isr.1976.1.3.259
dx.doi.org/10.1179/isr.1976.1.3.259
dx.doi.org/10.1109/51.395328
dx.doi.org/10.1002/asi.10326
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0235
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0240
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0245
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0250
http://www.nserc-crsng.gc.ca/NSERC-CRSNG/Policies-Politiques/prepInterdiscip-prepInterdiscip_eng.asp
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0260
dx.doi.org/10.5860/crl.67.5.446
dx.doi.org/10.1007/BF02016934
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0275
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0280
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0285
dx.doi.org/10.1016/j.respol.2012.03.015
dx.doi.org/10.1007/s11192-009-0041-y
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0300
dx.doi.org/10.1016/j.respol.2006.08.001
dx.doi.org/10.1016/j.respol.2006.08.001

1046 S. Chen et al. / Journal of Informetrics 9 (2015) 1034-1046

Rinia, E. ., van Leeuwen, T. N., & van Raan, A. F. ]. (2002). Impact measures of interdisciplinary research in physics. Scientometrics, 53(2), 241-248.
http://dx.doi.org/10.1023/A: 1014856625623

Rinia, E. J. (2007). Measurement and evaluation of interdisciplinary research and knowledge transfer (Doctoral thesis). The Netherlands: Leiden University.
Retrieved from (http://hdl.handle.net/1887/9923).

S4, C. M. (2008). Interdisciplinary strategies in U.S. research universities. Higher Education, 55(5), 537-552. http://dx.doi.org/10.1007/s10734-007-9073-5

Seglen, P. 0. (1992). The skewness of science. Journal of the American Society for Information Science, 43(9), 628-638, doi:10.1002/(SICI)1097-
4571(199210)43:9<628::AID-ASI15>3.0.CO;2-0.

Siedlok, F., & Hibbert, P. (2014). The organization of interdisciplinary research: Modes, drivers and barriers. International Journal of Management Reviews,
16(2), 194-210. http://dx.doi.org/10.1111/ijmr.120160

Simpson, E. H. (1949). Measurement of diversity. Nature, 163, 688. http://dx.doi.org/10.1038/163688a0

Sonnenwald, D. H. (2007). Scientific collaboration. In B. Cronin (Ed.), Annual review of information science and technology (vol. 41) (pp. 643-681). Medford,
NJ: Information Today.

Steele, T. W., & Stier, ]. C. (2000). The impact of interdisciplinary research in the environmental sciences: A forestry case study. Journal of the American
Society for Information Science, 51(5), 476-484, doi:10.1002/(SICI)1097-4571(2000)51:5<476::AID-ASI8>3.0.CO;2-G.

Stirling, A. (2007). A general framework for analyzing diversity in science, technology and society. Journal of the Royal Society Interface, 4(5), 707-719.
http://dx.doi.org/10.1098/rsif.2007.0213

Uzzi, B., Mukherjee, S., Stringer, M., & Jones, B. (2013). Atypical combinations and scientific impact. Science, 342(6157), 468-472.
http://dx.doi.org/10.1126/science.1240474

van Leeuwen, T. N., & Tijssen, R. (2000). Interdisciplinary dynamics of modern science: Analysis of cross-disciplinary citation flows. Research Evaluation,
9(3), 183-187. http://dx.doi.org/10.3152/147154400781777241

Waltman, L., Calero-Medina, C., Kosten, J., Noyons, E. C. M., Tijssen, R.]. W., van Eck, N.]., et al. (2012). The Leiden ranking 2011/2012: Data collection, indica-
tors, and interpretation. Journal of the American Society for Information Science and Technology, 63(12), 2419-2432. http://dx.doi.org/10.1002/asi.22708

Waltman, L., & Schreiber, M. (2013). On the calculation of percentile-based bibliometric indicators. Journal of the American Society for Information Science
and Technology, 64(2), 372-379. http://dx.doi.org/10.1002/asi.22775

Waltman, L., & van Eck, N. J. (2013). A systematic empirical comparison of different approaches for normalizing citation impact indicators. Retrieved from
(http://arxiv.org/ftp/arxiv/papers/1301/1301.4941.pdf).

Wang, J., Thijs, B., & Gldnzel, W. (2015). Interdisciplinarity and impact: Distinct effects of variety, balance, and disparity. PLoS ONE, 10(5), e0127298.
http://dx.doi.org/10.1371/journal.pone.0127298

Weingart, P.(2012). Ashort history of knowledge formations. InR. Frodeman, ]. Thompson Klein, & C. Mitcham (Eds.), The Oxford handbook of interdisciplinarity
(pp. 3-14). Oxford, England: Oxford University Press.

Weingart, P. (1997). From “Finalization” to “Mode 2": Old wine in new bottles? Social Science Information, 36(4), 591-613. http://dx.doi.org/
10.1177/053901897036004002

Yegros, A., D’Este, P, & Rafols, 1. (2013, June). Does interdisciplinary research lead to higher citation impact?: The different effect of prox-
imal and distal interdisciplinarity. In Paper presented at the 35th DRUID celebration conference 2013 Barcelona, Spain, Retrieved from
(http://druid8.sit.aau.dk/druid/acc_papers/54dcxbblnjovbrlt2v4gku686mex.pdf).

Zhang, C. (3&#3), Hao, F. (ilR ), & Yan, H. (5%:5). (2001). B3 X argek #5 BEE IVREAR2IZYEM [Interdisciplinary research charm: Analysis of one
hundred years of Nobel Prize in Natural Sciences]. ﬂ"l’fiﬁmﬁiﬂﬁ[nlj = Science, Technology and Dialectics, 18(6), 63-67 (in Chinese).

Zitt, M., & Small, H. (2008). Modifying the journal impact factor by fractional citation weighting: The audience factor. Journal of the American Society for
Information Science and Technology, 59(11), 1856-1860. http://dx.doi.org/10.1002/asi.20880


dx.doi.org/10.1023/A: 1014856625623
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0315
dx.doi.org/10.1007/s10734-007-9073-5
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0325
dx.doi.org/10.1111/ijmr.120160
dx.doi.org/10.1038/163688a0
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0340
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0345
dx.doi.org/10.1098/rsif.2007.0213
dx.doi.org/10.1126/science.1240474
dx.doi.org/10.3152/147154400781777241
dx.doi.org/10.1002/asi.22708
dx.doi.org/10.1002/asi.22775
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0375
dx.doi.org/10.1371/journal.pone.0127298
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0385
dx.doi.org/10.1177/053901897036004002
dx.doi.org/10.1177/053901897036004002
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0395
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
http://refhub.elsevier.com/S1751-1577(15)30020-1/sbref0400
dx.doi.org/10.1002/asi.20880

	Are top-cited papers more interdisciplinary?
	1 Introduction
	2 Literature review
	2.1 Interdisciplinarity evolution and variation
	2.2 Impact of IDR

	3 Data and methods
	3.1 Data Set
	3.2 Discipline classification and definitions
	3.3 Percentiles and percentile rank classes
	3.4 Interdisciplinary distribution indicator
	3.5 Interdisciplinarity change score

	4 Results
	4.1 Interdisciplinarity and scientific impact at the level of disciplines
	4.2 Interdisciplinarity and scientific impact at the level of specialties
	4.3 Interdisciplinarity classes and scientific impact: A closer look at physics

	5 Discussion and conclusion
	Author contributions
	Acknowledgments
	References
	References


