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ABSTRACT

Some studies have shown that women undertake interdisciplinary research more than men,
whereas other studies have shown no difference by gender. Women have also been shown
to self-cite less often than men, a difference at least partly mediated through differences

in career stages and prior productivity. Existing evidence on gender-based differences in
interdisciplinarity may therefore be biased. If interdisciplinarity is inferred from the disciplinary
diversity of a paper’s cited references, a greater share of self-citations by men could decrease
their measured interdisciplinarity relative to women. Such biases could lead to erroneous
conclusions, because after correcting for self-citations one might uncover that women
participate in interdisciplinary research equally to, or less than, men. Given that funding for
interdisciplinary research is gaining in importance, obtaining accurate measurements of
interdisciplinarity by gender is highly relevant for funders so that they can take appropriate
action(s) in leveling the playing field across gender. For instance, evidence suggests women
are sometimes advised not to participate in interdisciplinary research due to the risk it
represents for their career progression. This study shows that a paper’s interdisciplinarity
increases with the presence of female authors, accounting or not for self-citations in the
interdisciplinarity measurement.

1. INTRODUCTION

Evidence suggests that junior female scientists are sometimes discouraged from pursuing
interdisciplinary research (Smith-Doerr & Croissant, 2016). While interdisciplinary research
does carry some risk, particularly to scientists in their early career stages, collaborative
research efforts generally, as well as interdisciplinarity, may benefit the citation impact of
the resulting publications (Beaudet, Campbell et al., 2014; Chen, Arsenault, & Lariviere,
2015; Freeman & Huang, 2014). If women, relative to men, are more likely to perceive inter-
disciplinary work as too high risk, and if funders do not take action to correct the potential
consequences of such perceptions, the overall research ecosystem could be negatively
impacted. For instance, women could end up with a lower propensity toward interdisciplinary
research than men.

To assess the current situation, survey and bibliometric data can be used to compare the
interdisciplinarity of male and female researchers. In both a survey by Rhoten and Pfirman
(2007) and a large-scale bibliometric analysis in support of a recent evaluation of the Natural
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Sciences and Engineering Research Council of Canada’s Discovery Research Program
( ), women were not found to be less interdisciplinary than men. Using
publication data for roughly 10,000 NSERC awardees, the latter study showed that female
researchers actually exhibited higher rates of highly interdisciplinary papers (those in the
top 10%) than male researchers (11% vs. 9.2%).

This latter result, because it is contrary to the outcome expected from women being dis-
couraged from taking part in interdisciplinary work, raised concerns that a measurement bias
owing to women self-citing less than men ( ; ;

) could have been at play. Indeed, interdisciplinarity was, as is
often the case, inferred by the disciplinary diversity of the cited references of publications
as in and . Accordingly, it is
possible that a greater share of self-citations could decrease a paper’s interdisciplinarity by
concentrating references in the core disciplines of the authors, leading to a reduced balance
of represented disciplines and the average distance between them. Testing if such a measure-
ment bias is at play is important, as the bias could lead to erroneous conclusions regarding
gender-based differences in the interdisciplinarity of research. If such a bias was present, one
could find, after correcting for self-citations, that women do not differ from men in their pro-
pensity to perform interdisciplinary research or, perhaps, that they even participate less than
men in such endeavors.

recently uncovered that gender-based differences in self-
citation rates in the medical sciences are, to a large extent, attributable to differences in pro-
ductivity rather than gender. Women and men researchers with larger sets of prior publications
have more material to self-cite, but women remain largely underrepresented in later career
stages (assumed to be more productive) due to a greater attrition rate than men (

; see Figure 6.1). This suggests that if self-citations
do bias interdisciplinarity as measured from the disciplines represented among a paper’s refer-
ences, any higher interdisciplinarity score of women relative to men could be mediated through
existing differences in the “average” productivity and/or career stages of women versus men.
The above bias would thus also have implications when comparing early career to established
researchers, regardless of their gender. In fact, in the recent evaluation of NSERC’s Discovery
Research Program mentioned above, early career researchers were also found to have slightly
higher rates of highly interdisciplinary papers (top 10%) than established researchers (10.2% vs.
9.3%). This reinforces the possibility that self-citations introduce a downward bias in measuring
interdisciplinarity. It is thus important to assess and resolve (if necessary) this risk prior to
drawing any conclusions from potential interdisciplinary differences—for example, between
genders. Such differences could indeed influence the strategies adopted by funding organiza-
tions in leveling the playing field for interdisciplinary research.

The goal of this study was thus to investigate the magnitude and direction of the relationship
between the gender composition of a paper’s coauthors and its interdisciplinarity, accounting
for a potential measurement bias mediated by self-citations, among several other factors (e.g.,
number of authors, seniority, and prior publication output). This will help us assess whether,
and if so by how much, researchers differ in their propensity to undertake interdisciplinary
research as a function of their gender.

As an initial test of the impact of self-citations on a paper’s interdisciplinarity, a paper’s
interdisciplinarity score computed (1) excluding its references directed toward one of its
authors’ prior publications (i.e., interdisciplinarity without self-citations) was compared to its
score computed (2) using all its references (interdisciplinarity with self-citations). Subsequently,
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Table 1. Total documents in data set

Data set # of Documents
Scopus 29,037,077
Document type & year filter 14,179,694
ERA 8,760,081
Frascati fields of science 8,707,496

the interdisciplinary scores of papers, computed with and without self-citations, were com-
pared across paper bins based on the share of female authors per paper—this to document
the potential existence of an obvious gender bias mediated through self-citations. To address
the study’s core questions in a more robust manner, the relationship between gender and inter-
disciplinarity was then investigated using multivariate modeling, accounting for potential con-
founders (e.g., number of authors) and mediators (e.g., seniority, self-citations).

2. METHODS

2.1. Data Set

In this study, we made use of Scopus data for the 10-year period between 2010 and 2019. We
considered only peer-reviewed publications (journal articles, reviews, and conference papers)
classified across 174 mutually exclusive subfields as defined under Science-Metrix’s journal-
based classification of science'. This classification has recently been improved to reclassify, at
the paper level, publications in multidisciplinary journals (e.g., Nature, PNAS, Science, PLOS
ONE) ( ). This is the classification used throughout
this paper in computing the interdisciplinarity scores of individual papers as well as in normal-
izing indicators.

As this work was supported by the European Commission, results were also reported by
field of science according to the Frascati classification, which was used in She Figures 2018
( ). This was achieved by classifying
Scopus papers by the Frascati fields of science, mainly by means of a direct conversion
between the Science-Metrix subfields and the second-level Frascati fields. The only exception
was for biotechnology in the former classification, which had multiple correspondences under
the Frascati scheme (e.g., environmental biotech, industrial biotech). To resolve this issue, we
reclassified biotechnology publications into the next best match per the Science-Metrix clas-
sification, thus obtaining a unique match to the Frascati scheme. This was achieved using the
same Al algorithm developed to reclassify generalist journals within the Science-Metrix clas-
sification ( ). This algorithm takes into account the textual content of titles and
abstracts, the citation links, and author information to predict the subfield most relevant to
each paper. The analysis was further limited to papers where at least one author from a Euro-
pean Research Area (ERA) country was identified, for reasons detailed below. ERA countries
consist of EU member states plus associated countries as defined in the ERA Monitoring Hand-
book ( , p. 61). provides the count of documents
considered.
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Table 2.  Number and share of authors by gender

Female authors Men authors Unassigned authors
Data set # Y% # % # %
Scopus 4,804,133 23.6 9,043,365 44.5 6,468,685 31.8
ERA 2,386,681 31.8 3,709,452 49.4 1,420,036 18.9

Over 8.7 million documents, with approximately 7.5 million distinct authors, were
included in the analysis of gender and interdisciplinarity. Scopus includes an author identifier
number (the AUID), which aims to aggregate each individual author’s publications. This
helps to identify self-citations, among other things, as the AUID identifies an author’s full
set of papers (removing false positives due to homonyms) even when there may be variations
in the spelling or initialization of names. An assessment of the AUID showed that it pro-
duced reliable conclusions in a North American/European context when at least 1,000
authors were available per comparison group ( ). In a test set of
10,000 authors, their study also showed that the average recall and precision per author
were, respectively, 98% and 96.9%; as the current study relies on millions of authors, we
are confident that the use of AUIDs is offering robust results. However, similar information is
lacking on its reliability in regions where homonyms are more prevalent (e.g., Asia). Addi-
tionally, inferring the gender of authors based on their names is less reliable in those same
regions. We therefore limited this study to publications where at least one ERA member-
country author was identified.

2.2. Gender

We genderized the author names in Scopus using the NamSor API”. As author names within
an AUID may vary due to differences in spelling, typographical errors, or the presence of full
name versus initials only (for which gender cannot usually be assigned), a method was devised
to aggregate the predicted gender of the name variants of an AUID. For each name variant, the
API generated a probability of the name being that of a man or woman. First, the average
probability for each gender across name variants was computed for each AUID. Where this
average for one gender exceeded 80%, the AUID was assigned to this gender. Second, if a
name variant’s probability exceeded 80% for one gender and the average of probabilities for
that gender was between 65% and 80%, a gender was attributed. AUIDs that were assigned to
multiple genders using this criterion (<0.05%), or for which a gender could not be attributed at
all, were treated as unassigned. Across ERA countries for the period 2010-2019, approxi-
mately 18.9% of AUIDs were not assigned by the APl using this gender assignation rule
(GA #1). Further GA rules are presented in to test the robustness of the findings
obtained with different percentages of authors with an unassigned gender and different reli-
ability levels of the assignation. details the gender breakdown of AUIDs in Scopus and
for the ERA data set.

presents the shares and trends in women’s authorships relative to those of men in
Scopus and across the Frascati fields of science for the ERA. In general, the rate of participation
of women in scientific publications has been increasing across all fields of science for most
countries. At the ERA level, the lowest share of female authorships is in Engineering and tech-
nology and the highest shares are in Social sciences and Humanities.
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2.3. Self-Citations

To assess the rate (k) at which men self-cite relative to women, we used the men to women
ratio of the mean self-citations per authorship as defined by King et al. (2017):

(2

where s, and s,, are the total self-citations made by men and women and a,, and a,, are the
total authorships for men and women for a given country or region for a given period. An
authorship is defined as an AUID—paper combination; if there are three authors on a paper,
one man and two women, this amounts to one male authorship and two female authorships.
An author-to-author self-citation is defined as an AUID citing one of its papers in a given paper
(of which it has authorship); there can be multiple self-citations per authorship if the AUID self-
cites more than one of its papers in that authorship.

As an example, take a paper (#1) with two authors, A and B, that cites two other papers, one
(#2) by authors A and B, and another (#3) by author A and a third author C. The total number
of author-to-author citations for paper #1 is equal to the sum, across its cited papers, of the
product of its number of authors by that of the cited paper (i.e., 2 x 2 + 2 x 2 = 8). In that
example, there are three author-to-author self-citations (#1A—#2A, #1B—#2B, and #1A-#3A)
out of eight author-to-author citations.

Because both the volume of citations and proportion of female authorships vary across
fields of science, results were disaggregated by field.

2.4. Interdisciplinarity

Interdisciplinarity highlights instances where new knowledge (i.e., research publications) truly
recombines a priori disparate knowledge (i.e., from diverse disciplines), assuming a paper’s
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references are a reliable indication that knowledge from the cited sources has been integrated
in a novel way in the research project.

Following the work of , interdisciplinarity was investigated using
the Rao-Stirling index (RS) to quantify the diversity of integrated knowledge as represented in a
publication’s references. Each paper was assigned an interdisciplinarity score from O (i.e.,
completely following predominant citation patterns) to 1, the latter being extremely interdis-
ciplinary (i.e., diverging completely from normal citation patterns in Scopus, integrating
knowledge from areas that others do not), using the following formula:

RS=1- Z,—,jsijpipj =D dipip; @

where p; and p; are the respective proportions of references in subfields i and j in a paper’s
reference list (whereby p;p; captures the variety and balance of represented subfields). The
summation is taken over all cells of the subfield-by-subfield similarity matrix, accounting for
all subfields in the Science-Metrix classification. s;; is the cosine similarity between subfields
i and j and captures how close (or distant, by taking d;; = 1 — s;; as in the above formula for
interdisciplinarity) the integrated subfields are in a given paper; the cosine similarity matrix
between subfields is computed relying on the subfield cocitation network in a reference set
of papers (here the whole of Scopus). The classification used to categorize publications by
subfield can have an impact on the resulting interdisciplinarity scores. We refer the reader to
the supplementary material of a prior publication by the authors for the rationale behind the
selected classification as well as for more details on the computation of interdisciplinarity

( ).

In this paper, we have converted interdisciplinary scores into a binary variable identifying
highly interdisciplinary publications (i.e., the top 10%). Because the score of a paper is in part
dependent on how many references it includes, which varies across document types as well as
across disciplines due to research practices and coverage issues in Scopus, and because
interdisciplinary research has been shown to increase over time ( ),
we identified the 10% most interdisciplinary papers by subfield, document type, and year.
This procedure makes it impossible to study global differences in interdisciplinarity across
scientific areas but enables identifying those publications that stand out relative to the
“norm” in their respective subfield. As previously noted by

, not using such a “normative” approach could otherwise lead to inappropriate com-
parisons across scientific areas due to coverage biases in bibliographic databases. The
approach also enables comparisons across groups (e.g., between men and women) where
interdisciplinarity is computed by aggregating the scores of publications over several years
(e.g., 2010-2019). The groups being compared might not share the same yearly distribution
of publications, which could otherwise advantage groups with a higher share of their pub-
lications in recent years.

In creating the binary variable identifying the 10% most interdisciplinary publications, frac-
tioning of publications was used to ensure that exactly 10% of papers in Scopus fell in the top

10% by subfield, year, and document type. In , the binary variable thus obtained is
used to compare interdisciplinarity across bins of the proportion of female authors on individ-
ual publications (with and without self-citations). In on the multivariate regression

models, the variable indicating whether a paper figures among the 10% most interdisciplinary
is not fractioned and those papers tied on the edge of the top 10% and the 90% less interdis-
ciplinary ones were classified among the top 10%.
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Table 3. Total documents in data set after filters

Filter # of documents
> 1 author gender identified 8,660,753
Interdisciplinarity score calculated 6,791,390

To account for differences over time and across subfields in a more transparent way, some
of the regression models later introduced in were rerun using the interdisciplin-
arity score as a continuous variable instead of a binary one identifying the top 10% most inter-
disciplinary papers. In these cases, a normalization was still present in the form of subfield and
year fixed-effects (see supplementary material). The raw scores were also used in comparing
the average interdisciplinarity of publications with and without self-citations in

2.4.1. Interdisciplinarity with and without self-citations

Two series of paper-level and aggregated (e.g., ERA-level) interdisciplinarity scores were cal-
culated: one considering all references made by papers in the database, and one where paper-
to-paper self-citations were excluded. Paper-to-paper self-citations are those instances where
at least one of the citing paper’s AUIDs also appeared among the AUIDs of the cited papers.
Note that self-citations were not removed in computing the subfields’ proximity matrix to
ensure comparability in the scores computed with and without self-citations at the paper level.

Once self-citations were removed, we kept only publications with at least five references
with a known subfield in computing the raw and normalized scores with and without self-
citations. The process of removing self-citations from the calculation resulted in fewer publi-
cations with enough references on which to base an interdisciplinarity score. We limited the
comparison between scores based on self-citations and those without them to those papers for
which the minimum threshold of references was met after the removal of self-citations.

In the end, the final data set used for this analysis was limited to only those papers for which
a gender was assigned to at least one author and for which an interdisciplinarity score was
computed. details the total number of publications after the final filters were applied.

2.4.2. Interdisciplinarity by gender

As a first step in assessing the interdisciplinary nature of woman-led research, the share of
female authors on a paper was calculated as the total number of AUIDs assigned to women
over the total number of AUIDs where a gender was successfully identified. Papers were
then separated into bins based on the proportional representation of female authors on a
given paper, with bin 1 representing publications with between 0% and 10% female
authors, and so on. The normalized share of the 10% most interdisciplinary papers was then
computed, with and without author-to-author self-citations within each of these bins. In a
second step, the magnitude and direction of the relationship between the number of female
authors on a paper (while controlling for total number of authors) and its interdisciplinarity
was further investigated using regression models enabling the integration of several control
variables ( ).

shows the number of publications by bin within the ERA data set, by field of sci-
ence and for all fields combined (i.e., in Scopus). In all fields, the lowest bin (0% to 10%
female representation) dominated, ranging from approximately 22.6% in Medical & Health
sciences to over 50% of all publications in Engineering and technology. Social sciences and
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Humanities had by far the largest shares of publications in the top bin (90% to 100% female
representation). Otherwise, it is worth noting that none of the fields of science had more than
50% of their publications with at least 50% of female authors. Of all fields of science, the
most prominent ones from this perspective were Social sciences (42.6%), Humanities
(44.1%), and the Medical & Health sciences (36.9%). This indicates that while the participa-
tion of women in research in these areas was among the highest (respectively 36%, 36%, and
35%), it was still less frequent for women than men to be all or most of the authors on a paper.

2.5. Multivariate Modeling
2.5.1.  Groups of papers binned by number of authors

To further investigate the magnitude and direction of the relationship between the presence
of female authors on a paper and its interdisciplinarity, multivariate analysis was performed
using the R package “fixest” (Berge, 2018). Different models accounted for groups of papers
defined per their number of authors (i.e., 1, 2, 3-5, 6-10, or 11-20 authors), which enabled a
better specification of the gender variables included in the regression models. As an example,
two dummy variables for the author’s gender (one for female and one for unknown) were
included in the model for single-authored papers. In this case, the coefficient for the variable
“female author” estimated the interdisciplinary difference between women and men (the base-
line). Similarly, the variable “unknown gender” estimated the interdisciplinary difference
between unknown gender and men (the baseline). The same variables would not apply, for
example, to papers having 11-20 authors. For those papers, the number of female (and
unknown) authors was included among the predictors with the total number of authors
included as a control variable. The approach of grouping papers by number of authors also
enabled us to test for the presence and magnitude of the relationship between female authors
and interdisciplinarity across papers with different numbers of authors. For example, gender
differences could have been observed among single-author papers but not among those with
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Table 4. Variables used in the various groups (by number of authors) of regression models

No. of
authors Variables for gender Fixed-effects Control variables
1 Dummy Variables: Female author; Fixed—eﬁects for Y Number Of authors (for groups Wlth 3-5 or more

Unknown gender. subfield and year

L authors)
. of publication

2 Dummy variables: All female;

Mixed genders; Unknown Only included in MS2:

genders (if the gender of

any author was unknown). e Number of references (complemented by squared and
3-5 Dummy variables: One for each cubic terms)

number of female authors in e Number of self-citations

the paper (1-5 female authors). e Number of previous papers: count of papers previously

6-10 and  Number of female authors;
10-20 Number of unknown authors.

published by any coauthor of a given paper. In the
models with only two authors, the maximum and
the minimum number of previous papers (across
coauthors) was used, because it provided the number
of papers of each coauthor. For the papers with more
authors, having the minimum and the maximum
number of papers would not capture all the previous
output from the coauthors, so we used the total number
of previous papers by the team. For single-author papers,
these options would be equivalent.

e Maximum seniority: highest number of years since first
publication in Scopus among a paper’s coauthors

® Minimum seniority: smallest number of years since
first publication in Scopus among a paper’s coauthors

Quantitative Science Studies

many authors. Table 4 (second column) summarizes the variables used for gender across the
various groups of regressions.

2.5.2. Two model specifications per group of regressions

At first, the regression models were estimated using a simple model specification (MS1)
including gender as a predictor of interdisciplinarity, the number of authors (for groups of
regressions using papers with three or more authors) as a control variable, and subfield
and year fixed-effects.

Including the number of authors as a control variable is important, as it may confound the
effect of gender, expressed as the number of female authors (see Table 4), on interdisciplinarity.
The number of authors influences the number of female authors, and larger teams are, to some
degree, more likely than smaller ones to cross several disciplinary boundaries.

The subfield and year fixed-effects are also important as they mitigate the potential influ-
ence of subfields and years on the observed results. In the case of subfields, the fixed-effects
control for differences in citation practices and database coverage across subfields that impact
interdisciplinary measurements. At the same time, they eliminate an effect of women that
would be mediated by gender differences in subfield preferences. For example, if women
(or men) were relatively more active in subfields exhibiting a higher than average level of
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interdisciplinarity, higher scores for women (or men) could be mediated by their higher pres-
ence in those subfields instead of reflecting a direct propensity for interdisciplinary research
(the same goes for publication year, as both the presence of women in research and interdis-
ciplinarity are increasing over time). This model specification was taken as our baseline for
measuring the total effect of women on interdisciplinarity, disregarding differences owing to
subfield/year of activity.

Subsequently, a second set of models (MS2) were estimated, adding further control var-
iables to MS1. These were intended to control for other factors that could be partly medi-
ating an effect of female authors on interdisciplinarity. Of particular relevance was a paper’s
number of author self-citations, which was used to assess whether part of the total effect of
gender on interdisciplinarity may be mediated through a measurement bias. To properly
assess the strength and direction of a potential bias introduced by self-citations, other con-
trols included the number of prior publications by a paper’s authors (measuring how prolific
they are) and their seniority (as a team), as well as the paper’s number of listed references

(the causal chains linking these variables are further discussed in ). Author char-
acteristics were obtained via the Scopus AUIDs, which were, as previously mentioned,
shown to produce reliable results ( ). See for more details

on the definition of these control variables for the various groups of regressions based on
number of authors.

2.5.3. Interpretation of model specification 2

As introduced above, MS2 includes several control variables that might be confounding or
mediating some of the “total” effects of women on interdisciplinarity. However, the complexity
of plausible causal chains between the selected model variables, including the predictor, out-
come, and control variables, is such that by including them all, we also run the risk of intro-
ducing a spurious correlation between women and interdisciplinarity due to a “collider” bias.

To help assess the risk of a collider bias in MS2, the most likely causal chains between the

selected variables were depicted and analyzed using the R package “ggdag” ( ).

illustrates the complex relationship among the variables included in MS2, including

the possibility of reverse causality (i.e., two-way causal relationship represented by bidirec-
tional links) and collider bias.

The rationales underlying the depicted relationships are summarized below:

e Gender (G) — Seniority (S) — Prior Publications (PP) — Self-Citations (SC) — Interdis-
ciplinarity: There is evidence in the literature showing that women publish less than
men. However, this difference would, to a large extent, be attributable to differences
in career lengths and dropout rates. After controlling for such factors, women and
men would publish at a comparable annual rate ( ). Accord-
ingly, gender may indirectly influence the volume of prior publications via differences in
seniority. Men, with a greater pool of prior publications relative to women (due to dif-
ferences in career stages and career lengths), would thus have a greater pool of prior
research to self-cite ( ). Assuming self-citations would belong to the
main subfield of a publication’s reported research, or to similar ones, this could induce
a gender bias in interdisciplinarity (i.e., lower scores for men) as measured by the diver-
sity of a paper’s cited references. In this causal chain, seniority, the number of prior pub-
lications, and the number of self-citations may thus mediate a portion of the total effect
of gender on interdisciplinarity that is due to a measurement bias.
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Figure 3. Causal diagram depicting plausible relationships between the variables of model spec-
ification 2 (MS2). G: Gender (defined on the basis of the number of female authors); S: Seniority;
PP: Prior publications; SC: Self-citations; R: References; A: Number of authors; I: Interdisciplinarity.
Dashed nodes and links were removed in estimating the simplified version of MS2, that is MS1.

® Seniority (S) « Interdisciplinarity (I) and Prior Publications (PP) « Interdisciplinarity (I):
In addition to the above connections linking seniority and the number of prior publica-
tions to interdisciplinarity, there may be a direct relationship between each of these
variables and interdisciplinarity. Prior research has shown that embarking on an interdis-
ciplinary venture partly has to do with a researcher’s self-motivation. In their efforts to
uncover practical solutions to the complex problems facing modern societies, graduate
students may be more open to pursuing unconventional paths than established
researchers, as they are likely less entrenched in their disciplinary norms. That said, while
talented early-career researchers may be attracted by the societal returns of an interdisci-
plinary career, they may be more frequently discouraged from pursuing such paths due
to perceived risks for their career prospects (e.g., securing a tenure-track position)
( ; ; ). These perceptions
may also be modulated by their prior achievements (e.g., it could be that the more
publications a young researcher has, the lower the perceived risks). Seniority and/or the
number of prior publications may thus also mediate part of a gender effect on interdisci-
plinarity by impacting a researcher’s openness to this mode of research. On the other
hand, the above causal relationships may be reversed, leading to two-way causal inter-
actions. For instance, when recruiting team members, the interdisciplinary nature of a
research question/project may lead a principal investigator to strike a balance between
junior (more broad-based) and senior (more specialized and experienced) scientists. In such
a case, both seniority and the number of prior publications would run the risk of inducing
a collider bias in modeling the relationship between gender and interdisciplinarity.

o [nterdisciplinarity (I) «> References (R) — Self-Citations (SC): Another potential source
of collider bias emerges from the inclusion of the number of self-citations and references
in MS2. Recall that self-citations were included in the model to assess whether they
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account for part of a gender effect on interdisciplinarity that would be attributable to a
measurement bias, as well as to quantify the direction of this bias (hypothetically neg-
ative). In doing so, the number of references were also included as they positively relate
to the number of self-citations and, per the above construction of the interdisciplinary
indicators, would be expected to increase interdisciplinarity. In other words, the inclu-
sion of the number of references is needed as it is confounding the direct link between
self-citations and interdisciplinarity. However, because an interdisciplinary project may
be expected to draw on a wider knowledge base than a monodisciplinary project, inter-
disciplinarity may also influence a paper’s number of references (reverse causal link),
converting the number of self-citations into a collider.

e Interdisciplinarity (I) & Authors (A) — Self-Citations (SC) (or — Prior Publications
[PP]): Much like the number of references, the inclusion of the number of authors
may convert the number of self-citations into a collider. This is because an interdisci-
plinary question/project is likely to require input from a larger team, leading to an
increase in the number of authors, which in turn may increase the number of self-
citations (e.g., each author citing some of his or her prior work). Similarly, the inclu-
sion of the number of authors may transform the number of prior publications into a
collider (the more authors on a paper, the larger the authors’ set of prior publications).
As with the number of references, the number of authors may confound the relation-
ship between self-citations and interdisciplinarity. Indeed, the larger a paper’s number
of authors, the more self-citations and the more disciplines it may contain.

e Gender (G) « Authors (A) « Interdisciplinarity (I): Despite the downsides discussed
above of including the number of authors as a control variable, including this variable
is important, as the number of authors may otherwise confound the effect of gender on
interdisciplinarity (as explained in ). As interdisciplinary questions/projects
might trigger larger teams, the causal relationship between gender and interdisciplinar-
ity may be inverted, although we hypothesize that this driving force is likely less signifi-
cant than the opposite scenario, whereby women would demonstrate greater
preference/ability to work in an interdisciplinary context. For example, because female
authors are, on average, younger, they may be more open to an interdisciplinary career
and attracted by its potential to positively impact societies ( ).
Nevertheless, the direct relationship between gender and interdisciplinarity should be
interpreted cautiously, emphasizing its strength over the direction of the causal link.

Testing robustness of results Findings from the multivariate modeling in the results section of
this paper are those obtained using interdisciplinarity defined as a binary outcome variable
called “highly interdisciplinary paper” (publications scored 1 if they figured among the top
10% most interdisciplinary in their subfield and year of publication, and 0 otherwise). To test
the robustness of the study’s results to changes in the mathematical formulation of interdisci-
plinarity, this variable has been computed using two diversity metrics: the Rao-Stirling Index
(i.e., this paper’s core interdisciplinarity metric; see ) and the DIV* metric (

). DIV* was originally developed to address some issues with the RS index
and is formulated as:

i=n¢,j=n¢

DIV* = n.(1 — Gini,) ZI,:L].:I_#]. dij/(ne x (n. — 1)) ©)

With DIV*, variety (n. = number of cited subfields), balance (1 — Gini.), and disparity

(Zz’/’j",# dij/(ne x (n. —1))) are captured via independent components of diversity that are
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subsequently combined, whereas with RS, variety and balance are captured as a single term
(pipj) ex ante, which is subsequently merged with disparity (d;) (see ). Thus, DIV*
may weigh variety, balance, and disparity more evenly than RS, with which more weight
would be given to disparity. DIV* was thus an indicator of choice to test the reliability of
this paper’s results. Findings for both variants (RS and DIV*) are presented in the main body
of the paper.

As noted in , approximately 18.9% of authors in this study’s data set were not
assigned a gender based on gender assignation rule #1 (GA #1). To further test the robustness
of the findings to variation in the percentages of authors with an unassigned gender, and in the
reliability of the assignation, results were produced using two additional GA rules (results for
both rules are reported in the main body of the paper):

o Relaxed rule (GA #2): A gender was assigned to an author if the average probability for
one gender across the name variants exceeded 50%. This led to a reduction in the share
of authors with an unassigned gender from 18.9% with GA #1 to 9.0%. Under this rule,
the unassigned names correspond to cases with no measured probability of correspond-
ing to a woman or a man.

e Stringent rule (GA #3): A gender was assigned to an author if the average probability for
one gender across the name variants exceeded 90% or if at least one of the name
variants scored a probability for one gender exceeding 90%, with the average across
the name variants for the corresponding gender being between 75% and 90%. This
led to an increase in the share of authors with an unassigned gender from 18.9% with
GA #1 to 27.4%.

Finally, to further test the robustness of the study’s findings, the same models were tested
using an alternative variable to express interdisciplinarity based on RS and DIV*. This variable
consisted of the raw interdisciplinarity of papers (continuous variable instead of the above
binary variable for highly interdisciplinary papers) computed with and without self-citations.
Results based on these additional alternatives only appear in the supplementary materials and
do not substantially change the results reported in the next section.

3. RESULTS

3.1. Self-Citations by Gender

Over the 2010-2019 period, the ratio at which men self-cited relative to women was 1.53,

lower than the 1.71 figure of for 2000-2011. Still, it remained well above
the expected value of 1 if rates were equal, reinforcing the notion that men do self-cite more
frequently than women. depicts that ratio by field of science. Across all fields, men

were more likely to self-cite than women, and the ratio at which they engaged in this behavior
was similar for Social sciences, Agricultural sciences, and Medical & Health sciences. In
Humanities, the field closest to gender parity in terms of total number of authors by gender,
the gap was considerably smaller. In Natural sciences, men appear to have had a significantly
higher tendency to self-cite than women.

These results suggest that the interdisciplinarity of a paper measured as the disciplinary
diversity of its cited references may be biased downward for a single-author paper by a
man compared to a woman. If self-citations were more likely to belong to the paper’s core
subfields, a greater share of self-citations could lead to a smaller disciplinary diversity of the
cited references by reducing the balance of represented disciplines and the average distance
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Figure 4. Ratio of male to female self-citation rates by field of science for ERA papers (2010~
2019). The size of the bubble (yellow for women, blue for men) is proportional to the share of
authors in a given field for each gender.

between them. In the context of cross-disciplinary collaboration, a paper’s set of self-citations
may represent a mixed bag of disciplines corresponding to the background of the contributing
authors, which may confound a self-citation bias in measuring interdisciplinarity. This is one
reason for the number of coauthors being included as a confounder in modeling the relation-
ship between self-citations and interdisciplinarity (see ).

3.2. Self-Citations and Interdisciplinarity

To test the effect of self-citations on the interdisciplinarity of publications, their raw (non-
normalized) interdisciplinarity was computed after removing their self-citations. The com-
parison between their scores with and without self-citations provided an initial test for
the impact of self-citations on a paper’s interdisciplinarity.

At the paper level, the average difference between both measurements of interdisciplinarity
(with minus without self-citations) was neutral, or at most very slightly positive, whereas we
expected it to be negative (average difference = 0.0021). When the subfield and year of pub-
lications were used as the unit of analysis (i.e., taking the average difference of the average
interdisciplinarity across subfields and years), the average difference remained almost
unchanged (0.0026).

However, using this approach, we are effectively comparing interdisciplinarity using two
different sets of references, one (with self-citations) being larger than the other (without self-
citations). This may lead to a comparability issue because the length of a reference list can
impact its interdisciplinary scores in several ways. For example, the longer a reference list,
the higher the odds of having a greater variety of represented subfields. This may outweigh
a reduction in the balance and disparity of represented subfields from the self-citations. This
may hold true even if the additional subfields from the self-citations are closely related to those
of the nonself-citations. Diversity metrics are complex indicators capturing the variety of rep-
resented disciplines as well as the distance and balance between them. This makes it difficult
to apprehend the impact of a paper’s features on the resulting score.
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To be fair, the approach would have to control for the difference in a publication’s number
of references, with and without self-citations. While this cannot be achieved using the simple
difference approach presented here, the regression models presented in were
designed to account for this difference by incorporating a paper’s total number of references
and its number of self-citations as controls. With this approach, the effect of self-citations on
interdisciplinarity (their regression coefficient) can now be interpreted as though a paper’s total
number of references was held constant.

3.3. Interdisciplinarity and Gender

shows the share of ERA papers among the 10% most interdisciplinary papers in
Scopus (2010-2019), with and without self-citations, across bins of the share of female
authors per paper. It demonstrates that with or without self-citations, more women being
represented on a paper tends to correspond with higher levels of interdisciplinarity. This
finding was consistent for bins of publications with varying number of authors (data not
shown). The role of the number of authors as a potential confounder of the relationship
between gender and interdisciplinarity is further investigated in

In , the scores with self-citations are generally close to or slightly higher than
those without self-citations. This is most likely because the group of ERA papers experienced
a relative increase in interdisciplinarity compared to non-ERA papers, with self-citations
included. A case in point is that over the 2010-2019 period, the average disciplinary diver-
sity of authors—a measure that captures the diversity in the disciplinary background of
coauthors—was 5% higher for copublications with ERA authors than for copublications
without ERA authors (1.03 vs. 0.98). Accordingly, the pool of potential self-citations that
was available to the coauthors of ERA copublications was, on average, very likely to be
more diversified than the pool available to the coauthors of non-ERA copublications. In
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Figure 5. Highly interdisciplinary (top 10%) ERA papers by share of female authors across all fields of science (2010-2019).
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turn, with self-citations included, ERA papers would have appeared more frequently, relative
to non-ERA papers, among the 10% most interdisciplinary publications in the world (i.e.,
ERA plus non-ERA) than without self-citations included. Readers are referred to

for the method underlying the computation of the average disciplinary diversity
of authors.

3.4. Multivariate Modeling of the Relationship Between Gender and Interdisciplinarity

does not account for potential confounder(s)/mediator(s) that could have driven the

overall increase in interdisciplinarity for higher shares of women as coauthors. As explained in

, the size of the research team could confound an effect of gender (as defined in

) on interdisciplinarity, although several other factors could mediate such an effect

( ). Among them, the number of self-citations would mediate a measurement bias

owing to women self-citing less than men. A model specification (MS2) including all the

confounders and mediators identified in was thus used to test whether the apparent

relationship between gender and interdisciplinarity exhibited in is still in place after
controlling for such variables.

The inclusion of such controls in MS2 unfortunately led to the inclusion of potential
colliders ( ) that could bias the measured relationship between gender and interdis-
ciplinarity. In this context, the simpler model specification (MS1), which only controlled for a
key confounder (i.e., a paper’s number of authors), served the purpose of assessing whether
the relationship between gender and interdisciplinarity remained significant upon exclusion
of the potential colliders (i.e., seniority, prior publications, and self-citations) and the number
of references (i.e., a confounder of the effect of self-citations on interdisciplinarity).

summarizes the results for the effect on interdisciplinarity of gender, under both
model specifications, and self-citations, under MS2. Recall that both model specifications
included subfield and year fixed-effects and that the results summarized in are based
on GA #1 (the intermediary option between the stringent and relaxed rules), the RS index to
measure interdisciplinarity, as well as interdisciplinarity defined as a binary outcome (1 = paper
among the 10% most highly interdisciplinary papers; 0 = otherwise).

—10, and the supplementary material, provide detailed results of the logistic regres-
sions summarlzed in plus the results of the robustness tests described in
For the two groups of papers with more than 6 authors (6-10 and 11-20 authors), all models
included an interaction term between the number of female authors and the number of authors
because the effect of the former variable may be higher in smaller teams. Additionally, they
included quadratic terms for the number of female authors alone and interacted with the total
number of authors. This is to account for possible nonlinear effects whereby the first woman
added to a research team might have a larger impact on interdisciplinarity than the 10th
woman added to a team.

The coefficients for these three terms are omitted in and (they are available
in the supplementary material) as their effect was integrated into the reported coefficient for the
number of female authors and the number of authors. Also note that in these tables, the effect of
each additional female author is conditional on the number of women already figuring in a
research team and on the size of the team. Accordingly, the reported odds ratios in
(6-10 authors) are for seven-author papers (the average in this group being 7.3) with two
women already figuring in the team (the average being 2.13). In (11-20 authors), they
are for 13-author papers (the average being 13.4) with four women already in the team (the
average being 4.11).
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Table 5. Summary of logistic regressions on the link between gender (GA #1) and interdisciplinarity (RS) accounting or not for self-citations

Group of Interpretation of the self-citation variable’s

papers Interpretation of the gender variables’ coefficients* coefficient*

1: Single- Publications from women are, respectively in MS1 and  After controlling for a paper’s number of references and
authored MS2, 11.1% and 5.7% more likely than those of men number of coauthors, two confounders of the effect of
publications to be among the 10% most interdisciplinary self-citations on interdisciplinarity, self-citations exert

2: Publications
with two
authors

3: Publications
having 3-5
authors

4: Publications
having 6-10
authors

5: Publications

having 11-20

authors

publications.

Publications authored by two women are, respectively in
MST and MS2, 20.9% and 12.7% more likely than
those of two men to belong to the top 10% most
interdisciplinary publications; publications combining
one woman and one man are, respectively in MS1 and
MS2, 12.7% and 9.2% more likely to figure among the
top 10% (compared with “all male” publications).

“All women” publications are, respectively in MS1 and
MS2, 24.8% and 11.7% more likely to be among the
top 10 most interdisciplinary ones (compared with all-
male papers). The effect ranges from 10.6% to 24.8%
in MS1, and from 8.9% to 13.9% in MS2, considering
all possible numbers of women in the team (from one
to five).

For a seven-author paper with two women already
figuring in the team, an additional woman author is
associated with, respectively in MST and MS2, an
increase of 6.9% and 5.5% in the probability of the
paper being among the top 10%. For seven-author
papers under MS2, the effect varies from 9.5% for the
first woman added to the research team to 3.3% for the
fourth woman added. After this point (i.e., research
teams with at least four women) no effect on
interdisciplinary was associated with new female
authors being added to the team.

For a 13-author paper with three women already figuring
in the team, an additional woman author is associated
with an increase of 4.9% in the probability of the paper
being among the top 10% using MST1. There was no
robust association using MS2.

a slightly negative and statistically significant effect
on interdisciplinarity in nearly all groups of
regressions. Each additional self-citation is associated
with a decrease in the range from —0.5% to —1.5%
for groups of papers with 1 to 10 coauthors (i.e.,
groups 1-4 in the first column of this table). Only for
papers with 11-20 coauthors is there no measurable
effect.

* The interpretation is made relative to a baseline probability of 10% of highly interdisciplinary papers. The effects (for both gender and self-citations) reported
in this table are even more pronounced when using DIV* as the diversity metric for measuring interdisciplinarity. For instance, the effect of self-citations with
11-20 coauthors then becomes negative and significant.

To assess the practical relevance of observed differences in interdisciplinarity between
women and men, the estimated odds ratios (Tables 6 to 10) were “translated” into “change
in probability of a paper belonging to the group of 10% most interdisciplinary papers” in
Table 5. As an example, in the case of single-authored papers under MS1, a publication would
be 11.1% more likely to figure among the most interdisciplinary if authored by a woman, using
10% as a reference (i.e., the expected probability of a paper belonging to the group of 10%
most interdisciplinary papers). This means that the probability of a publication authored by
one woman would be 11.11% (1.111 x 10%), relative to a 10% baseline for a paper authored
by one man. The same approach applies to the interpretation of the effect of self-citations.

Quantitative Science Studies
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Table 6. Logistic regression models for highly interdisciplinary papers (single-author papers). Dependent variable: highly interdisciplinary
publication (among 10% most interdisciplinary in the subfield and year of publication)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
Female author 1.125%** 1.064* 1.115%* 1.062* 1.060*
[1.062; 1.192] [1.005; 1.126] [1.053; 1.180] [1.006; 1.122] [1.000; 1.123]
Unknown gender 0.983 0.928* 1.001 0.797** 0.982
[0.923; 1.046] [0.868; 0.993] [0.942; 1.063] [0.677; 0.939] [0.935; 1.032]
N references 1.001* 1.072%* 1.001* 1.001*
[1.000; 1.002] [1.010; 1.014] [1.000; 1.002] [1.000; 1.002]
N self-citations 0.983*** 0.978*** 0.983*** 0.983***
[0.975; 0.991] [0.970; 0.986] [0.975; 0.991] [0.975; 0.991]
N previous papers 0.998%*** 0.999* 0.998%*** 0.998%***
[0.997; 0.999] [0.998; 1.000] [0.997; 0.999] [0.997; 0.999]
Seniority 0.994* 0.994 0.994* 0.994*
[0.988; 0.999] [0.989; 1.000] [0.988; 0.999] [0.989; 0.999]
Fixed-effects:
year Yes Yes Yes Yes Yes
subfield Yes Yes Yes Yes Yes
S.E. type year/subfield year/subfield year/subfield year/subfield year/subfield
Observations 562,876 559,361 559,361 559,361 559,361
Squared Cor. 0.012 0.015 0.016 0.015 0.015
Pseudo R2 0.017 0.020 0.026 0.020 0.020
BIC 373,346 369,418 331,566 369,402 369,441

The coefficients reported in this table refer to the odds ratios. 95% confidence intervals are reported in brackets. The coefficients and clustered standard errors
are reported in the supplementary material. Significance levels: 'p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.

The presence of women on papers was associated with a higher probability of papers fig-

uring among the most interdisciplinary in their subfield and year for the groups of papers
involving up to 10 authors (Table 5). For these four groups of papers, the measured effects
of gender on interdisciplinarity were robust to changes in the model specification, the gender
assignation rule, the diversity metrics for measuring interdisciplinarity, and the variable
type used to express interdisciplinarity (i.e., as a binary or continuous outcome variable)
(Tables 6-9; also see Tables S1-S4 and S6-S9 in the supplementary material). The regression
coefficients for the defined gender variables were nearly always pointing to a positive and sta-
tistically significant effect of women on interdisciplinarity. This is not necessarily surprising
given the high number of observations underlying the estimation of parameters in these
models. The only exception related to the coefficients (or odds ratios) not being statistically
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Table 7.  Logistic regression models for highly interdisciplinary papers (publications having only two authors). Dependent variable: highly
interdisciplinary publication (among 10% most interdisciplinary in the subfield and year of publication)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
All female 1.238%** 1.144%* 1.296%** 1.147%* 1.143%*
[1.127; 1.359] [1.048; 1.248] [1.195; 1.405] [1.048; 1.242] [1.049; 1.247]
Mixed genders 1.134%x* 1.103*** 1.1771%%* 1.010%** 1.102%**
[1.074; 1.197] [1.048; 1.162] [1.113; 1.232] [1.047; 1.155] [1.044; 1.164]
Unknown genders 1.038’ 1.000 1.052** 0.939 1.023
[0.997; 1.080] [0.962; 1.038] [1.016; 1.089] [0.867; 1.017] [0.989; 1.058]
N references 0.999 1.018%** 0.999 0.999
[0.997; 1.001] [1.009; 1.012] [0.997; 1.001] [0.998; 1.001]
N self-citations 0.986** 0.976%** 0.986** 0.986**
[0.978; 0.995] [0.969; 0.983] [0.978; 0.995] [0.978; 0.995]
Max. previous papers 0.999*** 1.000 0.999%*** 0.999***
[0.999; 1.000] [0.999; 1.000] [0.999; 1.000] [0.999; 1.000]
Min. previous papers 0.999* 1.000 0.999* 0.999*
[0.998; 1.000] [0.999; 1.000] [0.998; 1.000] [0.998; 1.000]
Max. seniority 0.984*** 0.986*** 0.984*** 0.984***
[0.980; 0.987] [0.982; 0.990] [0.980; 0.987] [0.980; 0.987]
Min. seniority 0.999 0.995** 0.999 0.999
[0.995; 1.003] [0.992; 0.999] [0.995; 1.003] [0.995; 1.003]
Fixed-effects:
year Yes Yes Yes Yes Yes
subfield Yes Yes Yes Yes Yes
S.E. type year/subfield year/subfield year/subfield year/subfield year/subfield
Observations 1,067,909 1,060,901 1,060,901 1,060,901 1,060,901
Squared Cor. 0.005 0.008 0.011 0.008 0.008
Pseudo R2 0.008 0.011 0.019 0.011 0.011
BIC 695,421 688,114 637,425 688,092 688,159

The coefficients reported in this table refer to the odds ratios. 95% confidence intervals are reported in brackets. The coefficients and clustered standard errors

are reported in the supplementary material. Significance levels: 'p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 8. Logistic regression models for highly interdisciplinary papers (publications having 3 to 5 authors). Dependent variable: highly
interdisciplinary publication (among 10% most interdisciplinary in the subfield and year of publication)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
4 authors 1.019 1.077%* 1.086*** 1.069*** 1.072%**
[0.9856; 1.0534] [1.0391; 1.1034] [1.0587; 1.1140] [1.0377; 1.1011] [1.0403; 1.1047]
5 authors 1.01 1.114%%* 1.149%* 1.110%** 1.116%**

1 female author

2 female authors

3 female authors

4 female authors

5 female authors

1 unknown gender

[0.9516; 1.0728]
1.119%**
[1.0642; 1.1775]
1.206%**
[1.1032; 1.3173]
1.238%**
[1.1042; 1.3886]
1.244%**
[1.0707; 1.4457]
1.284%*
[1.0890; 1.5128]
0.977
[0.9543; 1.0009]

[1.0541; 1.1778]
1.100%**
[1.0482; 1.1544]

—_

57
[1.0641; 1.2578]
1.155**
[1.0375; 1.2858]
1.131
[0.9834; 1.3012]
1.132
[0.9692; 1.3216]
0.967**
[0.9448; 0.9895]

[1.0957; 1.2053]
1.184%**
[1.1370; 1.2329]
1.330%**
[1.2323; 1.4349]
1.429%**
[1.2954; 1.5757]
1.435%**
[1.2670; 1.6257]
1.474%%*
[1.2973; 1.6753]
0.987
[0.9643; 1.0098]

[1.0512; 1.1726]
1.0827%%*
[1.0388; 1.1264]
1.142%0%%
[1.0594; 1.2314]
1.140*
[1.0301; 1.2621]
1.113
[0.9765; 1.2697]
1.108
[0.9534; 1.2888]
0.96
[0.9136; 1.0094]

[1.0552; 1.1797]
1.098***
[1.0445; 1.1531]
1.150**
[1.0566; 1.2513]
1.154*
[1.0335; 1.2884]
1.139’
[0.9903; 1.3092]
1.154
[0.9759; 1.3654]
0.979*
[0.9606; 0.9982]

2 unknown genders 0.958’ 0.917*** 0.955* 0.917* 0.954**
[0.916; 1.001] [0.881; 0.955] [0.917; 0.994] [0.853; 0.986] [0.923; 0.986]

3 unknown genders 0.943’ 0.859%** 0.940* 0.728%** 0.906***
[0.882; 1.007] [0.812; 0.908] [0.890; 0.994] [0.653; 0.811] [0.871; 0.942]

4 unknown genders 1.044 0.892' 0.971 0.723** 0.896**
[0.926; 1.177] [0.794; 1.002] [0.870; 1.083] [0.578; 0.905] [0.833; 0.964]
5 unknown genders 0.873 0.677%** 0.6671*** 0.819 0.889’
[0.683; 1.115] [0.543; 0.845] [0.549; 0.795] [0.539; 1.245] [0.789; 1.001]
N references 1.000 1.0771%%* 0.999 0.999
[0.998; 1.001] [1.010; 1.013] [0.998; 1.001] [0.998; 1.001]

N self-citations 0.982*** 0.976%** 0.983*** 0.982***
[0.977; 0.988] [0.971; 0.981] [0.977; 0.988] [0.977; 0.988]

N previous papers 0.999*** 0.9998* 0.999%*** 0.999***
[0.999; 1.000] [0.9995; 1.0000] [0.999; 1.000] [0.999; 1.000]
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Table 8. (continued)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
Max. seniority 0.9871*** 0.986%** 0.9871*** 0.987***
[0.976; 0.986] [0.981; 0.991] [0.977; 0.986] [0.976; 0.986]
Min. seniority 0.996** 0.9971*** 0.996* 0.996**
[0.992; 0.999] [0.987; 0.994] [0.993; 0.999] [0.992; 0.999]
Fixed-effects:
year Yes Yes Yes Yes Yes
subfield Yes Yes Yes Yes Yes
S.E. type year/subfield year/subfield year/subfield year/subfield year/subfield
Observations 3,281,609 3,259,248 3,259,248 3,259,248 3,259,248
Squared Cor. 0.002 0.005 0.011 0.005 0.005
Pseudo R2 0.003 0.007 0.017 0.007 0.007
BIC 2,222,909 2,198,571 2,073,138 2,198,963 2,198,662

The coefficients reported in this table refers to the odds ratios. 95% confidence intervals are reported in brackets. The coefficients and clustered standard errors
are reported in the supplementary material. Significance levels: 'p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.

Quantitative Science Studies

significant, although still positive, for two out of five gender variables in the third group of
regressions for publications with 3-5 coauthors, and only in the following cases ( ):

e the variable five female authors using RS and MS2 with both the moderate and relaxed
(less precise) gender assignation rule (i.e., GA #1 and #2), and

e the variable four female authors using RS and MS2 with the relaxed (less precise) gender
assignation rule (GA #2).

Regarding the models involving papers with 11-20 authors, the relationship between gen-
der and interdisciplinarity was not statistically significant for MS2 when the indicator variable
for papers among the 10% most interdisciplinary publications was based on the RS index
( ). While a positive association between gender and interdisciplinarity was still
observed in this group of papers using DIV* ( ), or when the raw scores for the
RS index were used (Table S10 in the supplementary material), the association between
the number of female authors and interdisciplinarity is less robust than observed in groups
of papers with smaller research teams.

Recall that for the two groups of papers with more than six authors (6-10 and 11-20
authors), the reported odds ratios for the number of female authors in and are
conditional on the number of women already figuring in a research team and on the size of
the team. This is due to the inclusion of quadratic terms for the number of female authors
alone and interacted with the total number of authors. These quadratic terms were introduced
to account for a potential nonlinear relationship whereby the effect of an additional woman on
interdisciplinarity would depend on the number of women already included in the research
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Table 9. Logistic regression models for highly interdisciplinary papers (publications having 6 to 10 authorst). Dependent variable: highly
interdisciplinary publication (among 10% most interdisciplinary in the subfield and year of publication)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
N authors (total) 0.957**x* 0.994 1.0124 0.9941 0.994

N female authors

N unknown gender

N references

N self-citations

N previous papers

Max. seniority

Min. seniority

Fixed-effects:

year

subfield

S.E. type

Observations

Squared Cor.

Pseudo R2
BIC

[0.938; 0.977]
1.077%*

[1.032; 1.123]
0.980*

[0.963; 0.998]

Yes
Yes
year/subfield
1,850,767
0.006
0.008
1,214,649

[0.973; 1.016]
1.061**
[1.019; 1.104]
0.962***
[0.944; 0.979]
1.000
[0.999; 1.002]
0.994*
[0.988; 1.000]
0.999***
[0.999; 1.000]
0.979%x*
[0.971; 0.987]
0.9971***
[0.986; 0.995]

Yes
Yes
year/subfield
1,840,752
0.009
0.012
1,204,412

[0.994; 1.031]
1.139%**
[1.099; 1.180]
0.991
[0.971; 1.010]
1.0713%*
[1.011; 1.015]
0.983%**
[0.978; 0.989]
0.9997**
[1.000; 1.000]
0.987%**
[0.980; 0.994]
0.988***
[0.983; 0.993]

Yes
Yes
year/subfield
1,840,752
0.018
0.026
1,226,743

[0.973; 1.015]
1.0551**
[1.016; 1.095]
0.9852
[0.958; 1.014]
1.000
[0.998; 1.001]
0.9944*
[0.989; 1.000]
0.9995%**
[0.9993; 0.9997]
0.9815%**
[0.974; 0.989]
0.9925**
[0.988; 0.997]

Yes
Yes
year/subfield
1,840,752
0.008
0.012
1,205,039

[0.972; 1.017]
1.056**
[1.015; 1.097]
0.974%**
[0.959; 0.988]
1.000
[0.999; 1.002]
0.994*
[0.988; 0.999]
0.9995%***
[0.9993; 0.9997]
0.979%**
[0.971; 0.987]
0.997%**
[0.986; 0.995]

Yes
Yes
year/subfield
1,840,752
0.009
0.012
1,204,500

The coefficients reported in this table refers to the odds ratios. 95% confidence intervals are reported in brackets. The coefficients and clustered standard errors
are reported in the supplementary material.

+ The reported coefficient for “N female authors” refers to the effect of moving from two to three female authors in a team of seven authors (see Figure 6 for the
effect with different starting number of female authors). It integrates the effect of omitted terms: an interaction term between the number of female authors and
the total number of authors as well as quadratic terms for the number of female authors alone and interacted with the total number of authors (see Table S11 in

the supplementary material for more details; refer to the above description of results for more details).

Significance levels: 'p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 10. Logistic regression models for highly interdisciplinary papers (publications having 11 to 20 authorst). Dependent variable: highly
interdisciplinary publication (among 10% most interdisciplinary in the subfield and year of publication)
Gender assignation (GA) #1 GA #2 GA #3
RSms1 RS DIV* RS RS
N authors (total) 0.957%** 0.982* 0.969*** 0.981* 0.983’
[0.936; 0.967] [0.965; 0.998] [0.955; 0.983] [0.963; 0.998] [0.967; 1.000]
N female authors 1.055* 1.035’ 1.085%** 1.035’ 1.03
[1.010; 1.102] [0.994; 1.078] [1.044; 1.128] [0.994; 1.078] [0.992; 1.068]
N unknown gender 0.993 0.972% 1.007 0.981 0.978*
[0.965; 1.021] [0.945; 0.999] [0.977; 1.036] [0.915; 1.051] [0.959; 0.998]
N references 1.001 1.013%** 1.001 1.002’
[1.000; 1.003] [1.011; 1.014] [1.000; 1.003] [1.000; 1.003]
N self-citations 0.999 0.986*** 0.999 0.999
[0.993; 1.005] [0.981; 0.992] [0.993; 1.005] [0.993; 1.005]
N previous papers 0.9996*** 0.9998%*** 0.9996*** 0.9996***
[0.9995; 0.9997] [0.9997; 0.9999] [0.9995; 0.9997] [0.9995; 0.9997]
Max. seniority 0.961*** 0.978*** 0.969*** 0.961***
[0.947; 0.975] [0.967; 0.988] [0.955; 0.983] [0.947; 0.975]
Min. seniority 0.978*** 0.962%** 0.979%** 0.976%**
[0.968; 0.985] [0.953; 0.971] [0.970; 0.989] [0.968; 0.985]
Fixed-effects:
Year Yes Yes Yes Yes Yes
subfield Yes Yes Yes Yes Yes
S.E. type year/subfield year/subfield year/subfield year/subfield year/subfield
Observations 408,544 407,319 407,374 407,319 407,319
Squared Cor. 0.017 0.020 0.031 0.019 0.020
Pseudo R2 0.026 0.031 0.044 0.030 0.031
BIC 214,347 212,669 248,554 212,802 212,670

The coefficients reported in this table refers to the odds ratios. 95% confidence intervals are reported in brackets; The coefficients and clustered standard errors
are reported in the supplementary material.

+ The reported coefficient for “N female authors” refers to the effect of moving from four to five female authors in a team of 13 authors (see Figure 6 for the effect
with different starting number of female authors). It integrates the effect of omitted terms: an interaction term between the number of female authors and the
total number of authors as well as quadratic terms for the number of female authors alone and interacted with the total number of authors (see Table S13 in the
supplementary material for more details; refer to the above description of results for more details).

Significance levels: '‘p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001.
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team (e.g., adding one female author to an “all male” team may have a higher effect than
adding one female author to a research team that already has five female authors). The coef-
ficients for the quadratic terms and the interaction term between the number of female authors
and the total number of authors are not reported in and 10. Instead, their effect was
integrated into the reported coefficient for the number of female authors (see Tables S11 and
S13 in the supplementary material for further details on the coefficient of these omitted terms).

To assess whether our results are consistent with the effect of an additional woman on inter-
disciplinarity being dependent on the number of women already included in a research team,
and 7 illustrate the odds ratio for the number of women as a function of the starting
number of female authors for publications with, respectively, seven authors (using the model-
ing results for 6-10 authors, ) and 13 authors (using the modeling results for 11-20
authors, ). The negative slopes on both plots suggest that an additional woman
may indeed have a larger impact in teams mostly constituted by men, at least for these groups
of publications.

It is also worth noting that the odds ratios of the interaction term between the number of
female authors and the total number of authors was very slightly, but significantly, smaller than
1 for the models presented in (610 authors) and (11=20 authors) (note that
the odds ratios for this term are only presented in Tables S11 and S13 of the supplementary
material). This suggests that the effect of women on interdisciplinarity diminishes as more
authors are included in the research teams. Furthermore, while the odds ratio for the number
of authors was significantly higher than 1 for the group of papers with 3-5 authors ( ), it
was not significantly different from 1 for the group of papers with 6-10 authors ( ) and
significantly smaller than 1 for the group of papers with 11-20 authors. There may thus be a
maximum team size beyond which interdisciplinarity even starts diminishing.

In the multivariate modeling, the neutral (or slightly positive) effect of self-citations on inter-

disciplinarity depicted in becomes slightly negative, yet statistically significant, in
Coefficient =----Lower bound -----Upper bound
1.20
1.15

1.111

Odds-ratio

1.05

1.00

0.95 T 0.968
0 1 2 3 4 5 6

Number of female authors

Figure 6. Effect of one extra female author on highly interdisciplinary papers as a function of the
starting number of female authors. Refers to the estimated coefficients for papers with seven authors
using MS2, RS, and GA # 1. The odds ratio for a starting number of two female authors is equivalent
to that reported in . The lower and upper bounds refer to the 95% confidence interval.
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Coefficient ====-Lowerbound ====-Upper bound

1.20

1.15

1.10 1.093

Odds-ratio

1.05

1.00

0.95
0 1 2 3 4 5 6 7 8 9

Number of female authors

Figure 7. Effect of one extra female author on highly interdisciplinary papers as a function of the
starting number of female authors. Refers to the estimated coefficients for papers with 13 authors
using MS2, RS and GA # 1. The odds ratio for a starting number of four female authors is equivalent
to that reported in . The lower and upper bounds refer to the 95% confidence interval.

nearly all groups of regressions (based on number of authors). This may be due to the inclusion
of the length of a paper’s reference list and its number of coauthors (two confounders of the
effect of self-citations on interdisciplinarity) as control variables in the regression models.
Using RS, each additional self-citation is associated with a statistically significant decrease
in the range from -0.5% to —1.6% for groups of papers with 1-10 authors (i.e., groups 1-4
in ). Only for papers with 11-20 authors is there no measurable effect. As was mostly
the case for the effect of gender on interdisciplinarity (except for papers with 11-20 authors),
the effect of self-citations is robust to changes in the model specification, the gender assigna-
tion rule, the diversity metrics for measuring interdisciplinarity, and the variable type used to
express interdisciplinarity (see —10; also see Tables S1-S10 in the supplementary
material). In fact, the magnitude of the negative effect is even slightly stronger, ranging from
—~1.2% (odds ratio = 0.987) to —2.2% (odds ratio = 0.976), using DIV* to capture interdisciplin-
arity; in this case, the result is also statistically significant for the group of papers with 11-20
coauthors. It is also worth noting that the negative effect of self-citations on interdisciplinarity
is systematically reduced, and sometimes even canceled, when interdisciplinarity is measured
excluding self-citations (see Tables S1-S10 in the supplementary material).

This would partly explain why the effect size for gender (defined based on the presence and
number of female authors on a publication) is systematically smaller under MS2 compared to
MST1; in other words, part of the gender effect mediated through self-citations would be
absorbed by the inclusion of self-citations in MS2. Per the summary presented in ,
and excluding papers with 11-20 authors, the effect size ranged from 6.9% to 24.8% in
MS1 compared to 5.5% to 13.9% in MS2 (using the average number of authors and women
in the group of papers with 6-10 authors). The largest effects under both model specifications
were observed for the largest group of publications—that is, publications with 3-5 authors
(50% of the study data set). As for self-citations, the magnitude of the effect is systematically
stronger when using DIV* to capture interdisciplinarity instead of RS ( —10; also see
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Tables S1 to S5 of the supplementary material). In that case, for papers with 3-5 coauthors, the
magnitude of the relationship even increases for each additional female author (from 16.3%
for one woman to 40.7% for five women).

Across all variants of the regression models ( —10; also see Tables S1-S10 of the
supplementary material), less consistent results were observed for the variables related to
seniority and prior publications. For single-author papers ( ), even though the odds

ratios are significant for both controls, the magnitude of the corresponding effects are neg-
ligible. The same was generally observed for minimum seniority among a paper’s coauthors
and the volume of prior publications (regardless of how it is defined) ( —10). Interest-
ingly, a negative and statistically significant effect was observed for maximum seniority
within a paper’s coauthors for all groups of regressions relying on publications with at least
two authors ( —10); these effects were also consistent across all robustness tests (sup-
plementary material).

4. DISCUSSION AND FUTURE DIRECTIONS

This study’s goal was to assess the propensity of women, relative to men, to undertake inter-
disciplinary research in a large data set of ERA publications while accounting for a potential
measurement bias mediated by self-citations, among other factors. If we consider that the
number of prior publications is positively associated with self-citations, and that female
researchers tend to accumulate fewer papers than men due to higher attrition rates and shorter
careers (although this is gradually changing) ( ), any gender difference con-
cerning the disciplinary diversity of a paper’s cited references may be partly due to a measure-
ment bias. This bias would be attributable to gender differences in self-citations mediated
through gender differences in seniority and/or volume of prior publications. For example,
self-citations may induce a downward bias in a paper’s interdisciplinarity by reducing the bal-
ance of represented disciplines and the average distance between them, because the prior
papers of an author are likely to be concentrated in one or a few closely related subfields.

In a context where funding for interdisciplinary research is gaining in importance to help
solve the increasingly complex problems faced by modern societies (such as those being
addressed through the UN SDGs), obtaining accurate measurements of interdisciplinarity by
gender is highly relevant for funders in taking appropriate action(s) to level the playing field
across genders. This is even more relevant given the conflicting evidence ( ;

; ) concerning the presence of women in inter-
disciplinary research, some of which could be biased by self-citations and other factors.

The key result of this study is that the presence of women in scientific publications is pos-
itively associated with interdisciplinarity even after controlling for a potential self-citation bias.
As discussed in , testing for the presence of an association between gender and
interdisciplinarity, while eliminating a potential bias mediated through self-citations, required
advanced multivariate modeling to control for several confounders and mediators. Some of the
mediators (self-citations, seniority, and prior publications) included in the full model specifi-
cation (MS2) unfortunately have the potential to act as colliders that may reveal an association
between gender and interdisciplinarity when there is in fact no such relationship. In this con-
text, the simpler model specification (MS1), which only controlled for a confounder of the link
between gender and interdisciplinarity (i.e., a paper’s number of authors), served the purpose
of assessing whether the relationship between gender and interdisciplinarity remained signif-
icant upon the exclusion of potential colliders (i.e., seniority, prior publications and self-
citations) and the number of references (a confounder of the effect of self-citations on
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interdisciplinarity assumed not to mediate an effect of gender on interdisciplinarity). In other
words, MST estimated the total effect of gender on interdisciplinarity, including the portion
mediated through other variables.

Based on the collective set of regression models estimated in this study, one can conclude
that gender (defined as the presence and number of female authors) and interdisciplinarity are
positively related on most models reported in this study. Apart from a few minor exceptions,
odds ratios were systematically and significantly above 1 (i.e., positive regression coefficients)
in the group of models involving up to 10 authors, including in our robustness tests (i.e., across
model specifications, gender assignation rules, diversity metrics for measuring interdisciplin-
arity, and the variable type used to express interdisciplinarity [i.e., as a binary or continuous
outcome variable]). For papers involving 11-20 coauthors, we could not conclude a positive
(or negative) association due to inconsistent findings across our robustness tests. For example,
the results were not significant when using RS, the main indicator of interdisciplinarity
employed in this study, to identify highly interdisciplinary papers.

For groups of papers with 10 authors or fewer, the odds ratios for gender were systemati-
cally larger with MS1 (excluding potential colliders) than with MS2, where a portion of the
total effect of gender on interdisciplinarity mediated through other factors was absorbed by
the control variables. That said, the portion of the total effect mediated through other variables,
including a potential measurement bias owing to women self-citing more than men, was not
enough to fully remove a direct effect of gender on interdisciplinarity, which remains of an
appreciable size (from 5.5% to 13.9% increase relative to a baseline of 10% using RS and
from 10.2% to 40.7% using DIV*; effects measured using GA #1 and interdisciplinarity as a
binary outcome; note that for papers with 6-10 authors, the measured effect is reported for the
average team size (i.e., seven-author publications) and average number of women already fig-
uring in the team (i.e., two).

Recall that there is a possibility of reverse causality between gender and interdisciplinarity
induced by the inclusion of the confounder (i.e., number of authors). As the confounder
cannot be omitted from either model specification, the relationship between gender and
interdisciplinarity must be interpreted cautiously, emphasizing its strength over its causal
direction. It is also useful to recall that the total and direct effects of gender on interdisci-
plinarity, as respectively captured with MS1 and MS2, voluntarily accounted for differences
in gender participation, citation practices, and database coverage across subfields. These
differences were absorbed by the subfield fixed-effects.

After controlling for the length of a paper’s reference list and its number of coauthors—two
confounders of the effect of self-citations on interdisciplinarity—the broad range of estimated
regression models (using MS2) showed a statistically significant and negative effect of
self-citations, except for papers with 11-20 authors when relying on RS to measure interdis-
ciplinarity. Although this effect was small (RS: [-0.5%, —1.6%] excluding papers with 11-20
authors; DIV*: [-1.2%, —2.2%]), its consistency across all our robustness tests—combined
with the fact that it was systematically reduced, and sometimes even canceled upon measuring
interdisciplinarity without self-citations—suggests that self-citations may indeed induce a slight
negative bias on interdisciplinary measurements. In the group of papers with the largest num-
ber of authors, an effect may not be present with RS and may be weaker with DIV*. This could
be due to the self-citations in large teams being more likely to originate from a diverse set of
disciplines, reflecting the disciplinary background of the contributing authors.

Part of the positive and systematic effect of the number of women on interdisciplinarity
detected with MST (i.e., controlling for a key confounder and excluding potential colliders)

389

£20¢ Jequeydes 20 uo jsenb Aq pd L6100 & Ssb/g061£02/£9¢/z/€/pd-8lonie/ssb/npe-iwoauip//:dny woy pepeojumoq



Do women undertake interdisciplinary research more than men?

Quantitative Science Studies

may thus be mediated by this measurement bias because women generally self-cite less than
men and would thus be less impacted by a negative effect of self-citations on interdisciplin-
arity. Accordingly, the total effect of gender on interdisciplinarity, as reported above using
MS1, may be slightly overestimated due to the self-citations potentially mediating a small neg-
ative bias in measuring interdisciplinarity.

The regression coefficients obtained for the total number of authors (odds ratios below 1)
suggest that there may be a tipping point beyond which team size is negatively associated with
interdisciplinarity. This could be the case if there was an optimal team size for running inter-
disciplinary projects; beyond a certain size, teams would not effectively collaborate across
disciplines due to, for example, ineffective communication across scientific cultures (

). The odds ratios for the interaction between the total number of authors and the number
of female authors were also smaller than one, suggesting that the association between the
number of female authors and interdisciplinarity is conditional on team size itself, resulting
in little or no effect of gender on interdisciplinarity for papers with large research teams. This
could explain why the measured effect of gender on interdisciplinarity was less consistent in
the group of papers with 11-20 authors. Finally, it was also found that for papers with more
than six authors, the effect of an additional woman on interdisciplinarity diminishes as the
presence of men gradually decreases in the team.

Note that MS2 also included seniority and the prior volume of a researcher’s publication
portfolio as potential mediators of an effect of gender on interdisciplinarity. As discussed in
, there are several mechanisms through which these two control variables

could mediate such an effect, the one owing to a measurement bias already being
accounted for by the inclusion of self-citations as a control variable. Statistically significant
findings were only found in a consistent manner for maximum seniority. In that case, a neg-
ative and statistically significant effect was observed for all groups of regressions (including
robustness tests) except those based on single-author papers. These results may indicate that
more experienced researchers, not necessarily more prolific authors, are slightly less
attracted/motivated by the prospect offered by interdisciplinary collaboration when well
established in a given field of research. This would appear consistent with survey results

by , excluding the principal investigator group, for which their
sample size was rather small. With women being less well represented among senior
researchers ( ), this effect may also

contribute to the total positive effect of women on interdisciplinarity. Still, as was the case
with self-citations, the magnitude of this effect is small (using a 10% baseline for interdisci-
plinarity, the effect ranged from —1.5% (odds ratio = 0.9836) to —3.4% (0.9626) for each
additional year of experience relying on RS and GA #1).

In summary, the combined evidence from MS1 and MS2 provide evidence of a positive
link between women and interdisciplinary research in the large-scale data set under inves-

tigation. This contradicts some of the prior literature on the topic ( ) but
confirms results from other studies making use of different approaches—for example, using
survey data ( ). These results add to the body of literature that may

suggest research performing and funding organizations should not be too concerned by
women being potentially discouraged from taking part in interdisciplinary work. Neverthe-
less, further research would be warranted to better understand the potential impact of
observed gender differences in interdisciplinarity on, for example, career progression. For
instance, prior work has suggested that current evaluation practices underlying tenure deci-
sion may not be properly accounting for the specificities of interdisciplinary work (

; ). Also, further studies relying on alternative sources of
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information to capture interdisciplinarity (e.g., semantic analysis of full texts) could be useful
to further test the robustness of this study’s results.
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