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Abstract

Global and team science approaches are on the rise, as is attention to the network under-
pinnings of gender disparities in scientific collaboration. Many network studies of men’s
and women’s collaboration rely on bounded case studies of single disciplines and/or sin-
gle countries and limited measures related to the collaborative process. We deploy net-
work analysis on the scholarly database Scopus to gain insight into gender inequity across
regions and subject areas and to better understand contextual underpinnings of stagnancy.
Using a dataset of over 1.2 million authors and 144 million collaborative relationships, we
capture international and unbounded co-authorship networks that include intra- and inter-
disciplinary co-authorship ties across time (2009-2013). We describe how gender informs
structural features and status differences in network relationships, focusing on men and
women authors in 16 region-subject pairs. We pay particular attention to how connected
authors are (first- and second-order degree centrality), attributes of authors’ collaborative
relationships (including the “quality” and other characteristics of these ties), tendencies
towards gender homophily (proportion of same-gender ties), and the nature of men’s and
women’s interdisciplinary and international reach. Men have more advantageous first-order
connections, yet second-order collaborative profiles look more similar. Men and women
exhibit homophilous attachment to authors of the same gender, consistent over time. There
is notable variation in the level of gender disparity within subjects across countries. We
discuss this variation in the context of global trends in men’s and women’s scientific par-
ticipation and cultural- and country-level influences on the organization and production of
science.
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Introduction

Over the last several decades, science institutions have seen increased representation of
women (Fox et al., 2017b). However, despite this increase, there remains a dispropor-
tionate underrepresentation of women in the upper echelons of science, with few women
full professors (Finkelstein et al., 2016) or leaders of scientific organizations (EC, 2019).
In addition, several studies have shown that gender inequalities in hiring (Moss-Racusin
et al., 2012), earnings (EC, 2019; Shen, 2013), grant funding (Ley & Hamilton, 2008),
promotion (EC, 2019), publication (King et al., 2017; Xie & Shauman, 1998), and patent-
ing productivity (Ding et al., 2006; EC, 2019; Whittington, 2018) remain. Important influ-
ences on these inequalities include a masculine culture and practice of science, structures
of inequality that lie in the organization and the arrangement of scientific work, gender bias
and gender stereotyping, and the influence of intersecting social institutions such as work,
marriage and family (Correll et al., 2007; Fox, 2005; Fox & Nikivincze, 2021; Hunter &
Leahey, 2010; Kyvik & Teigen, 1996; National Academy of Sciences, 2007; Schiebinger,
2001; Whittington, 2011). In addition, previous studies have found that building scholarly
networks and reputations may be slower processes for women than for men (Cole, 1987;
Fox & Freeman, 1989). However, other studies find contradictory results of gender par-
ity or advantages for women in scientific career processes such as grant funding, journal
reviewing, and hiring (Ceci & Williams, 2011; Marsh et al., 2009).

As a relational category, gender influences social interactions and operates as a basis
of exclusion or subordination within scientific institutions (Long & Fox, 1995; National
Research Council, 2001) and research collaborations (Boschini & Sjogren, 2007; Fox,
2001, 2020; Kyvik & Teigen, 1996; Lariviere et al., 2013; West et al., 2013). This leaves
us with a puzzle: in what contexts and under what conditions does gender shape social net-
works within scholarly collaborations?

This work builds upon that of previous scholars who apply a network analytical perspec-
tive to understand women’s position and productivity in co-authorship networks. Results
from previous research on co-authorship networks may be ambiguous in part because
findings are largely based on case studies. We take advantage of Scopus bibliometric data
to employ a cross-regional, cross-subject approach to men’s and women’s co-authorship
trends in an especially broad and comprehensive manner.! Our comparative approach

! Preliminary results from this analysis are presented in Chapter 4 of the “The Researcher Journey Through
a Gender Lens”, a report developed through Elsevier (2020a). The current work develops and extends
the chapter results: it situates the analysis in existing social scientific theoretical frameworks, includes an
expanded set of measures and results, and presents statistical analyses of the findings. The yearset from
which the focal authors are drawn (2013) and the co-authorship network is created (2009-2013) remain the
same.

@ Springer



Scientometrics (2024) 129:147-179 149

focuses specifically on researchers in four academic knowledge subjects (Biochemis-
try, Business and Economics, Engineering, and Medicine) and four geographic locations
(United States, Brazil, Europe (EU28), and Japan). As we discuss later, the selection of
different regions and subjects as comparison cases is valuable because they each have dif-
ferent gender norms and standards for women’s rights, and vary in women’s representation
in academic fields. Macro-level features of educational systems, economics, and labor mar-
kets influence cross-national variability in occupational gender segregation, particularly in
STEM careers (Charles, 2011; Charles & Bradley, 2009). Regional- and subject-specific
context may complicate our (existing) generalized understandings of women’s and men’s
positioning in science networks. Large-scale analysis of the relationship between country-
and field-level influences on gender equity in science is needed to investigate how uniform,
consistent, and/or durable gender disparities are across and within countries, disciplines,
and cohorts (Holman et al., 2018). We find that while gender inequality within academia
remains a global issue, variation in regional and subject area gender inequality is prevalent
and important to consider. Such questions can be addressed with our global and broad net-
work capture and analysis.

Our approach utilizes “complete” co-authorship information for the focal authors in our
16 region-subject pairs—calculating network position based on focal authors’ co-author-
ship relations ties that span a global landscape. Network approaches to collaboration rely
on sufficient levels of data “completeness” (i.e. non-missing data) and must not be arbitrar-
ily truncated or bounded. Network approaches can also become hampered with data com-
plexity, as the number of authors and their co-authors increases exponentially as the popu-
lation grows. For this reason, much past research on gender disparities in science utilizes
case study approaches (often single discipline and/or sole country) to draw generalized
conclusions about the relationship between gender, network structure, and career inequali-
ties in science. Mono-discipline, localized approaches are often unable to take into account
interdisciplinary ties and those that cross bounded sets (Lariviere et al., 2013), or to look
beyond an author’s set of co-authors to see the relationship of first- and second-order ties
on authors’ productivity and positioning. With access to unbounded global collaborative
information, we are able to build on existing research and get better traction on the network
underpinnings of men’s and women’s co-authorship for authors in our 16 region-subject
pairs.

Our argument and analysis provides two key contributions to existing scholarship. First,
we argue that gender may be entangled in men’s and women’s differential structural posi-
tions in collaboration, and also in their status differences and spanning characteristics of
ties. Our data allow for an examination of all three in this analysis. Both co-author attrib-
utes and structural characteristics shape opportunities for future collaboration (Madlock-
Brown & Eichmann, 2016). For example, an author may collaborate with few very expe-
rienced and/or well-connected co-authors. Alternatively, an author may have a relatively
large number of collaborators, who themselves have inexperienced or not well-connected
co-authors. An author’s co-authors may themselves have well-connected co-authors, or
they may be relatively isolated from the larger network of collaboration. To this end, we
examine how connected authors are (degree centrality), attributes of authors’ immediate
ties, the “quality” and other resource-rich characteristics of these ties, tendencies towards
gender homophily (proportion of same-gender ties), and the nature of men’s and women’s
interdisciplinary and international reach (proportion of collaborators outside of one’s
core discipline and those affiliated with different countries). We also investigate men’s
and women’s ties to direct and indirect collaborative resources to analyze how network
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position, prominence, and productivity of co-authors and of co-authors’ co-authors vary
across regions and disciplines.

Second, our analysis provides insight into the generalizability of trends regarding men’s
and women’s positioning in the social structure of science across regions and subjects.
Analyzing collaboration comparatively is valuable because coauthorship has generally
only been analyzed within a single country or dataset without separating out the effects of
regional and disciplinary differences on academics’ collaborations (Abramo et al., 2013;
Lariviére et al., 2011; Ozel et al., 2014). Considerable institutional, national, and interna-
tional attention has been devoted to the equity implications of the gender gap in scientific
careers, leadership positions, and research. The gap has been steadily closing in recent dec-
ades, across the global scientific landscape, with some disciplines and countries moving
towards equity more slowly than others (Elsevier, 2017, 2020a; Holman et al., 2018). It
is important to examine differences across regions and subjects to gain insight from areas
where growth toward equity is accelerating, and to better address contextual, country-, and
disciplinary-underpinnings of stagnancy.

Our rich data source allows for an exceptionally detailed study of international and
unbounded scientific co-authorship networks that span national boundaries and include
intra- and interdisciplinary co-authorship ties across time. This analysis presents descrip-
tive statistics of differences between men and women across region-subject pairs as a first
step towards future work in this area. With some important variation across countries, we
find that men tend to have more first-order connections, yet the second-order collabora-
tive profiles of men and women look more similar. Gender homophily in co-authorship is
notable and consistent over cohorts; men and women exhibit homophilous attachment to
authors of the same gender.

Gender, collaboration, and productivity

Gender informs collaboration opportunities for men and women in science (Fox, 2001; Fox
& Mohapatra, 2007; Boschini & Sjogren, 2007; West et al., 2013). Research on the influ-
ence of status beliefs—cultural stereotypes that relate to the competence and worthiness of
particular groups surrounding an activity—highlights the primary role that gender plays
in the maintenance of inequality in work settings (Ridgeway, 2011). Past research finds
that women are more limited in their access to formal and informal collaboration networks
and opportunities (Rhoten & Pfirman, 2007). Women’s networks generally are also higher-
density and have more localized information (Smith-Lovin & McPherson, 1993).

A growing body of work reveals that gendered dynamics of collaboration in science
influence women’s differential publishing and patenting activities compared to men (Ding
et al., 2006; Lariviere et al., 2013; Meng, 2016; West et al., 2013; Whittington, 2018; Xie &
Shauman, 1998, 2003; Zeng et al., 2016). Several studies find men and women are equally
likely to publish collaboratively (Cole & Zuckerman, 1984; Hunter & Leahey, 2008; Rho-
ten & Pfirman, 2007), especially among top scientists (Abramo et al., 2019b). Accounting
for tenure, discipline, active grants, and professional age, however, some studies find that
women have more collaborators than men (Bozeman & Gaughan, 2011). This is consistent
with research on patent collaborations, which finds that women have more co-inventors
per patent than men but that women have fewer total patent collaborators than men over
their careers, a result of women being assigned fewer patents (Whittington, 2018). This
smaller number of collaborators also holds in the realm of publication productivity, where
women scientists have fewer distinct co-authors than men over their careers, a difference
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explained by lower publication rates and shorter career lengths (Zeng et al., 2016). Fox and
Nikivincze (2021) find that controlling for rank (a proxy for career length) and for those
that have a wider “span” of collaboration eliminates gender gaps in productivity at the
high tails. Other research finds that collaborator characteristics are important. Women are
less likely to repeat collaborations with previous co-authors than men (Zeng et al., 2016),
and to collaborate internationally (with some regional and subject variation) (Frehill et al.,
2010; Lariviere, et. al., 2011; Fox et al., 2017a, 2017b). Finally, women are more likely to
choose research collaborations based on a mentoring strategy (Bozeman & Corley, 2004;
Bozeman & Gaughan, 2011), and thus mentoring relationships may be especially impor-
tant for women’s collaborative productivity (Kiopa et al., 2009; Sands et al., 1991). Even
after forming collaborations, however, women’s resulting papers tend to be less visible than
men’s (Lariviere et al., 2013). The effects of perceived differences in research quality and
evaluation may make female scientists less likely to be invited to collaborate (Knobloch-
Westwick et al., 2013). Gender clearly informs women’s and men’s collaborative profiles
and career activities, and the challenges of network analytic work often lead researchers to
focus on particular cases to deeply assess these dynamics.

While some cases find evidence of parity in commonly referenced network analytic
measures, others find women’s network positioning to be qualitatively different from
men’s, or cumulatively disadvantaging or advantaging. Our analysis contributes to our
understanding of the generalizability of gender differences in co-authorship network posi-
tioning across region and field with respect to these common measures in the network lit-
erature. We combine two classic understandings of network positioning to address men’s
and women’s network positioning in co-authorship networks—taking into account not only
how scientists are positioned in the co-authorship landscape, but also who they are con-
nected to and who their co-authors’ co-authors are. Actors may have what are considered
to be “structural” opportunities by virtue of ready access to co-authors and co-authors’ co-
authors, or they can be relatively isolated and peripheral. Regardless of position, an actor’s
tie relations can be infused with status and be resource-rich and reaching across subjects,
or they may be insular, inward, and short on value. We focus on three aspects—structural
Seatures of positioning, status differences in current and recent co-authorship relationships,
and differentiation between men and women across regions and subjects in international
and interdisciplinary span—and we use our expansive dataset to focus on these in our
cross-region, cross-subject analysis.

Structural features of men’s and women'’s positioning

Structural opportunities can stem from multiple aspects of a scientist’s location in the
career trajectory that lead to increased opportunity (Moss, 1977). For example, a scientist
may be structurally advantaged by virtue of a position of power or authority in a research
group, or through a position in key roles in a lab. In this analysis, we focus on structural
opportunities that may stem from one’s position at the confluence of other key collabora-
tive relations. In particular, structural positioning in the dense web of co-authorship rela-
tions, specifically their centrality or peripherality in access to others in the network. Cen-
trality to others in collaborative relations has been shown to publish more articles, in higher
impact journals, and accrue more citations (in a faster amount of time) (Lee & Bozeman,
2005), and have been shown to be related to mechanisms of status inequality more broadly
(Ibarra, 1992, 1997).
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To understand how gender may play a role in characterizing diverse conditions of
research collaboration, we focus on the average first- and second-order degree centrality
(connectivity as measured by the number of unique first-order collaborators) that men and
women authors hold. First-order degree centrality measures the number of direct collabo-
rators, or the number of unique authors with whom the focal author co-authored during
a specific time period. For instance, the co-authors on this paper share first-order degree
centrality as a result of this collaboration.

Having a higher first-order degree centrality places a scientist in a more advantageous
network position. We also consider the connectedness of a focal scientist’s second-order
collaborators. Second-order degree centrality takes into account the co-authors of one’s co-
authors. Second-order degree centrality may be considered a measure of the focal authors’
network “reach” to available social capital contained in their immediate network. If a focal
author’s average number of second-order collaborators is high, this indicates that the focal
author has potential access to direct collaborators with many additional connections to
share and help create future bridging ties. While a focal author may be connected to only
a few immediate ties, these may be “well-connected” to any others, compared to a being
tied to many others that themselves are less connected in the social structure of academic
science.”

Status differences in men’s and women'’s collaboration

In addition to helping to shape advantageous positions in a collaborative network, sta-
tus processes also influence the characteristics of one’s co-authors (and co-authors’ co-
authors). Scholars seek to collaborate with high-status scientists, since one’s own status
is influenced by—and influences—the status of those with whom one associates (Bonac-
ich, 1987; Gould, 2002; Leifer, 1988). For example, gendered processes inform author-
ship order and the key roles that women assume in the research process (Macaluso et al.,
2016; West et al., 2013). There are fewer women in senior positions in most disciplines and
fields, a fact which also guides co-authorship interactions (Gaughan & Bozeman, 2016). At
the same time, status beliefs about gender shape men’s and women’s expectations of them-
selves and others, which in turn shape interactions (Moss-Racusin et al., 2012; Ridgeway,
2011).

A prominent example of status-based processes in science is the tendency toward homo-
philic collaborative relations. Scientists tend to collaborate with others of their same gen-
der (Ferber, 1988; McDowell & Smith, 1992; NSF, 2004; Bozeman & Corley, 2004; Fer-
ber & Briin, 2011; Whittington, 2018; Holman & Morandin, 2019; Wang et al., 2019).
These trends exist despite mixed-gender collaborations being more productive and more
central in collaboration networks (Ghiasi et al., 2015). The tendency to form homophil-
ous ties implies that the unequal gender composition in most academic disciplines will put
women at a disadvantage in forming coauthorship networks. Homophily and status beliefs
about gender thus exacerbate gender bias, as the cumulative advantage of status-biased

2 We focus on these two foundational measures for our initial analysis but could consider other relevant
measures in future work, including brokerage, measures of aggregate constraint (Burt, 1998, 2004), cluster-
ing coefficients, density of overlapping ties between first and second-order ties, and reachability to other-
wise unattached others. Given the size of this network and its computational complexity, the evaluation of
these across 16 region-subject pairs, and inclusion of status characteristics (presented next), we leave these
additional fruitful measures to future research.
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interactions shape collaboration opportunities and scholarly recognition (Knobloch-West-
erwick et al., 2013; Rossiter, 1993). In this analysis, first-order collaborators’ gender com-
position measures the share of direct collaborators by gender.

Status attributes inform additional aspects of the collaborative process. Collaborative
networks tend to follow laws of preferential attachment, in which highly connected (or oth-
erwise high-status) others increase their connectivity faster than less-connected counter-
parts (Barabasi et al., 2002; Jeong et al., 2003; Wagner & Leydesdorff, 2005). We examine
the tendency for men and women authors to hold first-order ties of similar prominence. In
particular, we focus on the average level of productivity of focal men and women authors’
first-order collaborators and the tendency to connect to those with longer publication ten-
ure. Widespread average differences among first-order collaborators in men’s and women’s
collaborative portfolios may stem from biases in status processes that lead to preferences
for higher-status individuals in working relationships more generally (Holman & Moran-
din, 2019).

Spanning ties across disciplines and regions

We also contribute to a deep literature seeking understanding of the ways in which men
and women foster interdisciplinary ties (Rhoten & Pfirman, 2007; Sugimoto & Weingart,
2015) and/or engage with researchers internationally (Uhly et al., 2017; Zippel, 2017).
Rhoten and Pfirman (2007) suggest a lean in the literature towards findings of women’s
increased engagement of interdisciplinary (as opposed to single-discipline) approaches
compared to men. This work varies with respect to the operationalization of principal
mechanisms of interdisciplinarity—including idea cross-fertilization, team-collaboration,
field-creation, and problem-orientation—yet finds significant variation between men and
women across this variety in areas of engagement. Indeed, intrapersonal, interpersonal and
socio-structural factors may contribute to decisions about interdisciplinary research, and
certainly structural and status factors that inform gender are likely to relate to differences in
engagement between men and women. Others—Ilooking across countries and specifically
toward publishing trends—have found more parity in the proportion of women and men
that evidence high interdisciplinarity in their scholarly output, however (Elsevier, 2017).
Our dataset allows for us to examine the full set of collaborative relations authors hold,
including those across subjects. There are many ways to measure a researcher’s level of
interdiscipline engagement; knowledge production can be analyzed using the categories of
“people”, “publications”, as well as “ideas” (Sugimoto & Weingart, 2015). While no sin-
gle indicator will capture or adequately address the whole of a researcher’s activity across
disciplines (Wang & Schneider, 2020; Digital Science et al., 2016), we focus here on char-
acteristics of men’s and women’s co-authors. Interdisciplinary reach measures the share
of a focal author’s direct collaborators who publish outside of the focal author’s subject
areas. This enables us to operationalize how collaborators integrate “information, data,
techniques, tools, perspectives, concepts, and/or theories from two or more disciplines or
bodies of specialized knowledge” (National Academy of Sciences, 2005, p. 188).

In addition, more and more scholars collaborate across institutions, disciplines, and
country boundaries (Elsevier, 2017; Gazni et al., 2012; Lariviere et al., 2015; Leahey,
2016); those who do tend to produce publications with higher average impact (Adams,
2013; Abramo et al., 2019a; Chinchilla-Rodriguez et al., 2018) and exhibit higher produc-
tivity (Barjak & Robinson, 2008). Collaborations by women are more likely to be domes-
tic than are collaborations by men (Abramo et al., 2013; Lariviere et al., 2013; Zippel,
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2017). These trends may be partly a result of women’s greater concentration in fields where
international collaboration is less common (Aksnes et al., 2019), although research sug-
gests that social dynamics of preferential attachment may also be in play (Wagner & Ley-
desdorff, 2005). Gender also informs differential rewards for global collaboration. While
women are less likely to participate in global science (Uhly et al., 2017), findings differ
by discipline and cohort (Kwiek & Roszka, 2021). Further, the globalization of academic
science can bring unique opportunities for marginalized groups and help circumvent closed
home science communities (Zippel, 2017). Our measure of international reach captures
the share of direct collaborators who are affiliated with a geographic region different from
that of the focal author.

Variation across region and subject

A key focus of this analysis is the consistency and/or variation in gender disparity across
and between regions and subjects. The selection of different regions as comparison cases
is valuable because they hold different gender norms, different expectations of gender
equality, and different standards for women’s rights (Mason et al., 2013; World Economic
Forum, 2020). Further, countries maintain different cultures of science and scientific prac-
tice, and these are linked to specific hierarchies in scientific organization, cultural emphasis
on science and science values, financial compensation and reward. While some large-scale
scientometric research includes country-level disaggregation, findings are often aggregated
across countries or presented disaggregated without further interrogation (Huang et al.,
2020; Lariviere et al., 2013). Lariviere et al., (2015) and Chan and Torgler (2020) examine
country-level indicators of human development and gender equity, and find that countries
ranked in the lowest quartile for these had the lowest levels of women’s scientific output.
This work dovetails with that of country-specific trends in women’s involvement in STEM
more broadly. Charles (2011) and Charles and Bradley (2009) explore sex segregation
in the field of study, and find that sex-typing of curricular fields is stronger in more eco-
nomically developed contexts. They suggest that structural features of postindustrial labor
markets and modern educational systems support the development of cultural influences
on gender-specific curricular affinities for particular fields and movement towards gender
equity more generally (Charles & Grusky, 2004). While the focus of this past research is
on individuals’ selection of a field of study, an implication is that culturally- and country-
specific factors may also shape career pathways within the science realm and collabora-
tive context. It remains an open question how cultural and country-specific factors relate
to men’s and women’s network positioning in the global structure of science collaboration.

Furthermore, the representation of women varies across disciplines, and this shapes
options for gender homophilous tendencies (Holman & Morandin, 2019). Subjects also
vary in support for interdisciplinarity, which influences the availability of gender-homo-
philous interaction. Regional and cultural differences in women’s participation in science,
which are changing over time, also affect the propensity for gendered interactions and
trends (Charles, 2011; Charles & Grusky, 2004). Finally, across regions and disciplines,
the representation of women is generally increasing, and in some countries and subjects
dramatically so (Elsevier, 2017). Age stratification and cohort effects in scholarly commu-
nication are thus tantamount (Sugimoto et al., 2016); seniority and experience anchor the
collaboration process and shape immediate and future opportunities for authors, as we dis-
cuss below. We examine the generality of gendered trends across subjects and regions with
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varying levels of men’s and women’s participation, and we also assess if there are inter-
generational changes afoot across cohorts of academics.

We consider these contextual differences between geographic areas and disciplines in
women’s representation and participation in region-subject pairs. We focus on four regions
to use as comparative cases in this analysis: Brazil, Japan, USA and the EU28. These four
were selected for our analyses because they were expected to reflect a variety of research
cultures and have different ratios of women to men among authors (Elsevier, 2017).> The
regions vary in the extent to which men and women diverge in economic opportunity, edu-
cational attainment, health outcomes, and political involvement, with Japan and Brazil fall-
ing behind the United States and most countries in the EU28 in measures of the global
gender gap index (see, for example, World Economic Forum, 2020). Yet, country-specific
context remains important (Haghani et al., 2022). For example, while Brazil has one of the
highest global gender gap indices in Latin America, the country’s disparities are concen-
trated in areas related to economic and political opportunity, while it demonstrates higher
levels of parity between men and women scientists in scientific and technical involvement
and productivity (Elsevier, 2017; World Economic Forum, 2020). In our sample, the US,
EU28 and Brazil have similar proportions of women researchers, with 28.5%, 35.6%, and
42.6%, respectively. In contrast, Japan’s gender gap in political and economic attainment is
one of the largest among all advanced economies, and growing (World Economic Forum,
2020), and the percentage of women scientific and technical authors in our sample remains
low (12.0%).

Similarly, we choose Biochemistry, Business and Economics, Engineering, and Medi-
cine as a sample of subjects from four broad disciplinary clusters—Ilife sciences, social
sciences, physical sciences and health sciences, respectively. We do not intend each subject
to be wholly representative of these subject-area clusters; rather, they represent subjects
with different ratios of women to men among authors (Abramo et al., 2013; Elsevier, 2017;
European Commission, 2019), with sufficient sample size across regions, and who are dis-
tinct from other disciplinary clusters. Medicine and Biochemistry are among those research
areas with relatively higher ratios of women to men across subjects whereas Engineering
and Business & Economics are among those subject areas with relatively lower ratios of
women to men (Elsevier, 2017, 2020a).

3 Additional data limitations with respect to gender disambiguation also dictated our decision-making
about country selection. Names that have to be translated into the Roman alphabet often represent a chal-
lenge for name prediction algorithms, where gender can be conveyed in tone and presentation of the charac-
ter. This complicates analyses where gender prediction is central to the analysis, and for these reasons, we
do not include countries such as China here. See Elsevier (2020a), page 45 for additional details. The selec-
tion of regions and subjects mirrors those selected for related reports, and thus supplement and extend the
details provided on these regions and subjects in other reports (Elsevier, 2017, 2020a).
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Table 1 Characteristics of the

) . Network feature Total N
network relationships
Actively-publishing authors (i.e. those who pub- 10,470,713
lished between 2009 and 2013 and included in
network boundary set)
Number of ties among actively-publishing authors 144,347,507
Focal authors (actively-publishing authors who 1,271,488
published in 2013 in the subjects and regions
selected in the study)?
Focal authors coded as women 395,996 (31.1%)
Focal authors—regional affiliations
EU28 661,911
United States 445,046
Japan 128,277
Brazil 54,064
Focal authors—subject area affiliations
Medicine 728,143
Biochemistry 459,195
Engineering 324,025
Business and Economics 53,801
*Focal authors published in 2013 and were active in 2009-2013
with at least two publications during the study period 2009-2013,
or authors with their first publication during 2009-2013, in subjects
and regions selected for this study. Note that the total number of focal
authors listed is fewer than the sum of those in regions or in subject
areas because focal authors may be in more than one region and/or
subject
Methods
Dataset

Focal authors and co-authorship network

Our bibliometric data are drawn from the Scopus database, which includes 1.7 billion cita-
tions to articles, conference papers, and reviews. Scopus uses an author-matching algo-
rithm to assign each author a unique identifier, disambiguating authors with the same last
names using all available information from publications (including subject area, author
affiliation, and co-authors). This is enhanced by author feedback through Scopus and links
with ORCID (Open Researcher and Contributor ID). There are 17 million author profiles
in Scopus.*

We define actively-publishing authors as the set of 10.4 million authors who pub-
lished at least two publications during the study period 2009-2013 or published their first

# Although notably comprehensive, one limitation of the Scopus dataset (and many like it) is coverage of
non-English written journals, and this could impact the collaborative networks of those in other countries.
‘We do not anticipate this to impact men versus women differently in those countries, however, and thus this
should not influence our conclusions about gender differences within region-subject pairs.
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publication during this period (to ensure we include junior scholars) (Table 1).> We define
focal authors as the set of 1.3 million actively publishing authors who meet four criteria:

(1) They are members of the network of actively-publishing authors;

(2) They published at least one publication in 2013 in the subject(s) and region(s) selected
in the study;

(3) They have a first name associated with their publishing record; and

(4) We could predict gender for their name (more on this in a later section).

For ease of data presentation, we only present analyses from authors in the focal set who
first published after 1989 (although all research-active authors in the Scopus dataset are
included as collaborators). Authors who first published in 1989 or after represent 87.4% of
the focal authors across all years. Our substantive conclusions do not change if we include
trends for this group in our results.

Authors were allocated to a region if more than 30% of their publications during the
period indicated an affiliation with that region. Authors with multiple institutional affil-
iations in different regions on their publication(s) are classified as members of multiple
regions. We treat countries in the EU28 as a region rather than as single countries, based in
part on regional dynamics in the European Union that promote collaboration, activity, and
mobility trends that mimic other geographic regions (such as the United States) (Elsevier,
2013).

Authors were ascribed to a subject area if more than 30% of their publications dur-
ing the period (2009-2013) were published in a journal with that classification. Publica-
tions are classified into subjects using the Scopus journal classification, All Science Jour-
nal Classification (ASJC). In this system, journals in Scopus are categorized under four
broad subject clusters (life sciences, physical sciences, health sciences and social sciences),
which are further divided into 27 major subject areas and additional granular subcategories
within these (for more details, see Elsevier, 2020b, 2020c). From these, we selected four
subject areas for analysis: Medicine, Biochemistry, Engineering, and the aggregate Busi-
ness & Economics.® Journals may be classified into one or more of these subcategories
based on their content; those that are not discipline-specific such as Nature and Science fall
under the classification “multidisciplinary.”’ As with regional classification, authors with
30% or more of their publications in journals classified in multiple subject areas are repre-
sented in each of those subjects in the analysis.

5 The study period was selected to retain comparability to the Elsevier report (2020a), which closely fol-
lows the same set of focal authors across regions. We select authors active in the 2013 year, and include
authors of all years of publishing experience. It is possible that gender disparities lessened in our region-
subject pairs since 2013, although progress towards equity tends to come in fits and starts, does not include
all scientists across contexts, and does not always move forward (Charles & Bradley, 2009; Charles, 2011).
The COVID-19 pandemic and the resulting gender disparities in productivity during pandemic work condi-
tions also shed light on these dynamics (King and Frederickson 2021).

® The subject area of business & economics was created by aggregating two major subject areas: “Busi-
ness, Management and Accounting” and “Economics, Econometrics and Finance.” We combined these cat-
egories because we observed high (i.e., greater than 40% in some cases) representation of authors in both
subject areas (Elsevier 2020a). Furthermore, previous analyses revealed that both subject areas had similar
ratios of women to men (Elsevier 2017).

" Publications in “multidisciplinary” journals were re-classified for the original report into the appropriate
subcategories based on the text in their titles and abstracts (see Elsevier 2020a for additional details).
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The final set of focal authors is 1,271,488 (Table 1). Of them, 875,492 are men and
395,996 (31.1%) are women. While we focus on focal authors in these particular regions
and subjects, we include data on their connections that reach beyond these boundaries to
capture the whole of an individual’s collaborative efforts during this time, wherever and
with whomever they may be located. We utilize the full network of all actively-publishing
authors (all years 2009-2013, and all fields and subjects) to generate the network of co-
authorships for the final sample of focal authors who published in the year 2013. Our net-
work of collaborators is drawn from the set of actively-publishing authors in Scopus who
published between 2009 and 2013 and are connected within two ties to our focal authors.
Thus, while all actively-publishing authors are included in the network as co-authors (and
therefore inform the network positioning of focal authors), we report specifically on our
focal authors in our analysis. Online Resource 1 includes raw counts across all dimensions,
including the number of observations by gender within each subject area, region, and
cohort. We use the 5-year network window to capture on-going and repeated co-authorship
ties, with the understanding that this designation captures network and productivity statis-
tics that are bounded in time and not necessarily characteristic of an author’s “full set” of
co-authors and collaborative activities across a career.

Key sample characteristics

We group authors into cohorts based on when they first published, defined as length of time
since first publication until 2013. We use first publication date as a proxy for age, to assess
how generational effects contribute to gender parity. Although scientists from all cohorts
are present in the network, we present statistics by cohort in 5 year windows to compare
authors with similar years of publication experience as follows: 1989-1993, 1994-1998,
1999-2003, 2004-2008, and 2009-2013.

A multi-step name-matching algorithm (NamSor API, January 2019 release) was used
to predict the gender of active authors based on first names, country of origin (defined as
the country in which the author published the most papers in their first publication year),
first name, and last name.? Only those focal authors with a determinable first name were
included in the analysis.” For more detail on this method, please see the methodological
appendix of Elsevier (2020a, pp. 122—123). Using the NamSor API, we inferred gender for
70.1% of authors who published between 2009 and 2013, or 7,749,293 authors.

8 NamSor treats gender as a binary variable and is only able to infer the gender as “woman” or “man.” We
acknowledge that this poses a limitation to fully assessing gender inclusiveness. The use of algorithms to
predict the gender of individual authors also has important methodological and ethical limitations (Lockhart
et al., 2023). We are not asserting that our algorithm correctly identifies the gender identity of all individu-
als in the resulting dataset, but rather that the aggregate statistics provide insight into gender’s effects across
the population.

® If there was only a single first name associated with an author profile, and if the name was of zero length,
these names were excluded from the prediction analysis. When the name was not of zero length, nonsensi-
cal characters [“-!#&”] were removed from the beginning or end of the name. When multiple first names
were associated with an author profile, the process selected the longest. For example, if an author profile
had the first names “Samantha”, “#Sam”, “Sam”, and “S. E.” associated with it, the process would identify
“Samantha” as the best first name.
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Measures

Table 2 presents details of all measures collected and formulated on our focal authors. A
few deserve further explanation here. We calculate second-order degree centrality as the
average number of collaborators of a focal author’s direct collaborators. Our measure of
interdisciplinary reach is assigned based on the subject areas to which a focal author’s pub-
lications are classified. Publishing an article together in the same journal (and therefore
with the same subject classification) does not necessarily imply that two collaborators are
classified in the same subject. It may be the case that one collaborator (or both) may not
be assigned to the same subject, as they tend not to publish regularly in that topic.'® Inter-
national reach is similarly based on the number of ties with at least 30% of their papers
affiliated with a region different from that of the focal author. International reach for EU28
authors was calculated based on collaborations with authors assigned to countries outside
the EU28; however, similar results are reported when defining “international collaborators”
as those outside of the EU28 focal author’s country (Elsevier, 2020a, results not shown).
We use all available observations for each measure; therefore, the amount of missing data
varies slightly across measures.

We present statistical tests of distributions between men and women using bivariate
nonparametric statistical tests for all measures, and include these for all cohort, discipline,
and regional subgroups.'! We use a Wilcoxon Rank Sum test of difference to evaluate the
difference because the data are not normally distributed and the gender groups are inde-
pendent samples. We caution against over-interpreting statistical tests that fail to reject the
null hypothesis of no difference between men and women when the sample size is low.

Results

We analyze a set of 1,271,488 focal authors, or members of a network of actively-pub-
lishing authors who published in 2013 and for whom we can predict gender for their first
name. The representation of women grows over time in each of the 16 “region-subject”
pairs, but varies in intensity across them. The highest proportion of women are in Bio-
chemistry, and the lowest in Engineering (Table 3). Regions that have a larger propor-
tion of women among researchers also tend to have a larger proportion of women among
researchers within each subject area. Thus, while the trends across regions in the broad
subject areas are similar, Japan has the least share of women among researchers across sub-
jects compared to the US, EU28 and Brazil.

10 Research that examines multi- or interdisciplinarity has engaged a number of indicators or metrics
that measure the concept, and research findings and implications can be greatly dependent on the choice
of measure (Wang & Schneider, 2020). In addition to the choice of measure, there are additional consid-
erations that need to be taken into account regarding the classification systems used by large data sources
to capture interdisciplinarity (Digital Science et al., 2016). Our focus here is on the relative differences
between men and women focal authors within regions and subjects, and we utilize a measure that focuses
on multidisciplinary engagement that comes from cross-discipline co-authorship connections (as opposed
to within publications or grants, etc.). This is but one possible view of focal authors’ interdisciplinary
engagement.

' In some cases, small sample sizes present challenges for the statistical analyses, and we do not present
summary statistics for cohort-region-discipline groups when n < 10.
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Table 3 Ratio of women to men by region and subject area (across all years of first publication 1989-2013)
and share of women authors by region and subject area (for selected cohorts)

Region Subject area Ratio of women/ Share of women authors by cohort (Year of first
men publication)
All years 1999-2003 (%) 2004-2008 (%) 2009-2013 (%)
(1989-2013)

EU28  Medicine 0.73 359 414 51.3
Biochemistry 0.81 39.5 443 52.5
Engineering 0.22 15.3 17.5 20.9
Business & Economics  0.42 22.0 275 34.9

USA  Medicine 0.54 31.3 347 41.6
Biochemistry 0.44 26.9 28.9 35.6
Engineering 0.14 10.6 11.8 14.5
Business & Economics  0.30 21.5 24.4 28.3

Japan  Medicine 0.18 9.4 12.6 20.8
Biochemistry 0.19 10.3 13.6 21.7
Engineering 0.05 3.7 44 6.7
Business & Economics  0.14 9.1 8.5 15.0

Brazil Medicine 0.97 46.0 47.5 52.1
Biochemistry 1.02 47.1 48.6 52.8
Engineering 0.27 14.3 19.4 23.6
Business & Economics  0.37 22.4 15.8 29.0

We present our results as a series of figures that group region-subject pairs by cohort.
Co-authorship and citation data are notoriously skewed, and our data are no different.
The supplementary information shows mean and median number of publications as well
as average publication history lengths (Online Resource 2). The data suggest that men
have, on average, greater productivity than women across region-subject area pairs. The
only exception is we find no difference in median productivity by gender in B&E in Japan.
More generally, men also appear to have longer publication histories than women across all
regions and subjects.

Gender differences in network structures of opportunity

We begin with a measure of position based on the number of distinct co-authors men and
women maintain in their authorship network in a 5-year period—in network terms, first-
order degree centrality—and examine gender differences in degree centrality across our 16
region-subject pairs. We consider these gender differences across scientist cohorts, defined
by year of first publication, in each region-subject group (Fig. 1). Across regions and sub-
jects, we see a consistent trend in first-order degree centrality: the largest gap between men
and women exists among the most senior cohort of authors, and this gap shrinks among
more recent cohorts. Of course, we cannot assess whether the larger gender gap in first-
order degree centrality among older cohorts is a cohort effect (i.e. change in the nature of
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Fig.1 Above panel: Median (by subgroup) of focal authors’ first-order degree centrality. Subjects and
regions are ordered from top to bottom and left to right, respectively, according to descending author count.
Average values corresponding to fewer than 10 observations have been excluded from the analysis. Y-axis
scales vary by subject. X-axis displays cohorts by region. Below panel: Significance of Wilcoxon Rank
Sum test of difference between the two gender groups in each subject-region-cohort. Source: Scopus

disparity over time), the result of cumulative disadvantage, or (likely) both. Medicine and
Biochemistry exhibit more stark differences between men and women than other subjects.
In Engineering and B&E in Japan and Brazil, we note more variable trends across cohorts.
This may be due to a small number of observations for each cohort (i.e. non- parametric
test of the difference between men and women in the below panel of Fig. 1).!?

12 For completeness, we included focal authors of Japan and Brazil in Engineering and B&E and more
senior cohorts of EU28 focal authors in B&E, which have small numbers of observations. The aggregate
statistics for these groups are not reliable and can generate fluctuating trends. We intentionally avoid inter-
preting these results.
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Fig.2 Above panel: Median (by subgroup) of focal authors’ second-order degree centrality. Subjects and
regions are ordered from top to bottom and left to right, respectively, according to descending author count.
Average values corresponding to fewer than 10 observations have been excluded from the analysis. Y-axis
scales vary by subject. X-axis displays cohorts by region. Below panel: Significance of Wilcoxon Rank
Sum test of difference between the two gender groups in each subject-region-cohort. Source: Scopus

In contrast to first-order ties, men and women are more similar in their patterns of
connection to others through their second-order collaborators (Fig. 2). Across cohorts,
men and women foster ties with similar median second-order connectivity, and in many
instances (such as Engineering) women exhibit higher levels of second-order tie connec-
tivity. In Medicine in the USA, women have lower second-order degree centrality, and the
gap gets wider for more senior cohorts. However, in the EU28, the pattern is the opposite;
women have higher second-order connectivity levels compared to men, and the difference
disappears in senior cohorts. Second-order degree centrality fluctuates in Engineering and
B&E across all regions, which may be due to small numbers for these cohorts. In addition,
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while the gender gap in first-order degree centrality shrinks in more senior cohorts, there is
a less dramatic difference between the second-order degree centrality of men and women
in more senior cohorts compared to more junior cohorts (Fig. 2). There thus appears to be
some stabilizing effect of second-order degree on structure as it pertains to gender differ-
ences between men and women.

These findings have implications for our understanding of men’s and women’s scientific
productivity. Men and women do not differ significantly in the nature of their co-authors’
collaborative tendencies, consistent across region-subject pairs. While women evidence
fewer publications and collaborators than their men colleagues, their co-authors hold simi-
lar levels of connections. This may imply that this is not necessarily a story of “double-
disadvantage,” where women collaborate less and with less collaborative co-authors.'®

Gender differences in characteristics and status of collaborators

Research has demonstrated that the “quality” and characteristics of men’s and women’s
networks of social relations often turns on status-based inequities, depending on the nature
of the activity and context of action. We consider the characteristics of men and women
author’s collaborators and assess gender disparities in the level of seniority and publication
experience present in co-authorship connections. We also consider whether and how men’s
and women’s co-authorship relations are defined by gender-, disciplinary-, and regional-
level homophily.

Co-author homophily

Our results demonstrate resoundingly the universal dynamic of gender homophily in col-
laborative profiles across region-subject pairs. Women authors tend to collaborate more
with women than men (Fig. 3), and men tend to collaborate more with men than women
(Online Resource 3 in the Supplementary Information), across subjects, regions, and
cohorts, with the exception of B&E in Japan.'* These findings corroborate those found in
other collaboration network studies (Holman & Morandin, 2019; McPherson et al., 2001;
Whittington, 2018). The data also reveal that men’s and women’s levels of homophily tend
to be greatest among those with the least publishing experience (i.e., more junior cohorts).

High-status collaborators: first-order productivity and tenure

One’s collaborators can bestow a marker of status and, in so doing, have the potential
to influence one’s own research productivity. Our data show that men and women have

13 Future research may want to consider the potential of gender differences in the redundancy of first- and
second-order collaborators. That is, second-order ties may be shared by first-order connections, or triads
may be closed among the first-order connections, such that there is no tremendous benefit from having
these second-order connections. If women (or men) have more closed networks—despite similar median
second-order degree centrality scores—this could be differentially beneficial or harmful to their careers
(Granovetter, 1973; Hansen, 1999).

14 The share of women and men collaborators for focal authors within a country and discipline does not
quite add up to 100% because of the missing gender information on some authors. If all authors could be
assigned a gender, then for either women or men focal authors, the sum of the share of women collaborators
(Fig. 3) and the share of men collaborators (Online Resource 3) would add up to 100%.
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Fig.3 Above panel: Share of women collaborators (median by subgroup). Subjects and regions are ordered
from top to bottom and left to right, respectively, according to descending author count. Average values cor-
responding to fewer than 10 observations have been excluded from the analysis. X-axis displays cohorts by
region. Below panel: Significance of Wilcoxon Rank Sum test of difference between the two gender groups
in each subject-region-cohort. Source: Scopus

co-authors with similar productivity levels (measured as median publication count in the
period 2009 to 2013, Fig. 4) and publication tenure (Fig. 5) across subjects and regions.
A notable exception is the field of medicine in EU28 and the USA, where men partner
with collaborators that are more productive than women, on average. There is also a trend
among more junior cohorts in engineering in the same regions, where men researchers
increasingly have more productive collaborators compared to women. Throughout the
EU28 and Japan, women authors tend to have slightly more senior collaborators compared
to men. The largest gaps between men and women are found in Engineering in EU28,
Japan, and Brazil, and B&E in Japan.
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Fig.4 Above panel: Median (by subgroup) of focal authors’ first-order collaborators’ publication count
(mean). Subjects and regions are ordered from top to bottom and left to right, respectively, according to
descending author count. Average values corresponding to fewer than 10 observations have been excluded
from the analysis. Y-axis scales vary by subject. X-axis displays cohorts by region. Below panel: Signif-
icance of Wilcoxon Rank Sum test of difference between the two gender groups in each subject-region-
cohort. Source: Scopus

Gender differences in span: interdisciplinary and international reach

Finally, we assess gender differences in spanning ties by analyzing the interdisciplinary
and international reach of our focal authors. Compared to gender differences in status
measures, we find more similarity with respect to interdisciplinary reach (defined as share
of collaborations with co-authors publishing in different subject areas) and international
reach, and a consistency across cohorts. Exceptions to this are men’s consistently higher
shares of interdisciplinary collaborators than women in medicine and biochemistry in the
EU28 and USA, a trend echoed in several prior measures (Fig. 6). Further, in engineering
in the USA, women have more interdisciplinary collaborators than men.

With the exception of EU28, our data show that men and women authors have simi-
lar international reach, across cohort, subject, and region (Fig. 7). In the EU28, we find

@ Springer



168 Scientometrics (2024) 129:147-179

Europe United States Japan Brazil
. . — —
2cp  15- N —— e
Lo%5 "‘\_\‘
e Sas
Medicine geg 104
=582
IS 5-
o e
0
" e
Bon 5 ey, | e e —
% S5 M
i 0
Biochemisty 8.2 ¢ 10-
s8¢
ILS  5-
o |
0
v _ o~ - - -
gz2 15— , | —————— | T
. . L~ - = = -~
Engineering 82 ¢ 10- =
=82
IEC  5-
o =
0
w154 ~—~— -
! S8E B e —— e
Business & %5; 10- —— e NG
Economics Eég -~ e
80.,2 5-
0
[2e] i @ ! @ ' @ ! ™ @ ! @ i [se ! @ ! ™ « ! @D ! @ ! @ ' ™ @ ! @ ! @ ! =< i ™
D D =3 (=3 - D D [=3 i=] - D D f=3 [=3 b~ D D =3 (=3 -
D =3 =1 o o D D o o o D D (=] o o D D =1 o o
S R A (v - O (. T T - A
2 3 2 3 8 g 3§ d < & o s 2 3 32 ¢ 3§ &g 3 28
@ =23 (=23 o @ D D o o @ D o @© i=23 o
=3 =3 =3 i< =3 (=] =2 =2 =3 (< =23 =3 [ i< oS =2 =3 =3 oS =3
. = = - ~ ~ ~ - -~ ~ I - - -~ ~ ~ - - = ~ N
Men Women
Non-parametric test of gender groups difference
Europe United States Japan Brazil
sl @ 5] @ el [se] =3 <« © o« [se] © «@ © Lo « @ o« @ el
2 &8 8 &8 2 8 8 8 83 2 8 &8 8 &8 2 8 &8 8 &8 2
(=2 (=] (=] o o (=2 (=] o (=1 (=1 (=2 (=2 o [=] o (=2 (=] (=3 o =1
S ¥ 8§ § &8 ¥ ¥ 8 &8 8 ¢ ¢ §8 8 § ¢ ¢ &8 8«
d & & & S b ¥ S ¥ S S T S ¢ S S & S T S
© D D i=1 =3 © §=23 D (=3 (=3 © D [=23 [=3 [=] © D (=23 (=3 (=3
(=3 (=3 (=23 [=3 i=3 (=23 (=] (=2 =1 (=1 D (=2 (=] S i=] (=2 D (=2 (=1 =1
- - -~ ~ ~ = ps - ~ ~ - b - ~ ~ - - - ~ ~
Medicine ® © o o o o o o o o o o o o o e o
Biochemistry e © o o o o o o o o o o o o o ] ®
Engineering 12 ® ® L] o © ® @ @ ® ® L] =) o
Business & Economics e o o o @ e
M Significant difference (p-value<0.05) Not significant difference

Fig.5 Above panel: Median (by subgroup) of first-order collaborators’ publication tenure (mean in years).
Subjects and regions are ordered from top to bottom and left to right, respectively, according to descending
author count. Average values corresponding to fewer than 10 observations have been excluded from the
analysis. X-axis displays cohorts by region. Below panel: Significance of Wilcoxon Rank Sum test of differ-
ence between the two gender groups in each subject-region-cohort. Source: Scopus

significantly lower levels of median international reach among women in Medicine, Bio-
chemistry, and Engineering across all cohorts, and in B&E among the more junior cohorts.
We also find evidence of slightly lower levels of international collaboration for women in
Medicine in Brazil. We also find that researchers with longer publication histories are char-
acterized by higher median international reach, across subjects and regions.

Scientific collaboration is an increasingly global and cross-disciplinary endeavor, and
with the exception of the EU28 and USA—where some lingering disparities are revealed—
the general takeaway is positive for women compared to men in science with respect to
cross-discipline, cross-region collaboration.
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Fig.6 Above panel: Median (by subgroup) interdisciplinary reach. Subjects and regions are ordered from
top to bottom and left to right, respectively, according to descending author count. Average values cor-
responding to fewer than 10 observations have been excluded from the analysis. Y-axis scales vary by sub-
ject. X-axis displays cohorts by region. Below panel: Significance of Wilcoxon Rank Sum test of difference
between the two gender groups in each subject-region-cohort. Source: Scopus

Discussion

Gender equality is important not only because it reflects the values of individuals within
institutions, but also because it benefits the enterprise of science itself (Nielsen et al.,
2017). Understanding men’s and women’s positioning in the network structure of scientific
collaboration is key to understanding the social production of knowledge. Research ties
facilitate links to additional contacts, assist the diffusion of emergent knowledge streams,
and can provide scientists with access to new research opportunities across institutional,
disciplinary, and geographic boundaries (Singh & Fleming, 2010; Inoue & Liu, 2015).
This research applies network analysis to an international corpus of publication data.
We zero in on focal authors from a single year (2013) and examine collaborative activi-
ties across a 5-year window (2009-2013). Studying collaboration using network analysis
allows us to examine the interaction between an author’s characteristics and those of their
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Fig.7 Above panel: International reach (median by subgroup). Subjects and regions are ordered from top
to bottom and left to right, respectively, according to descending author count. Average values correspond-
ing to fewer than 10 observations have been excluded from the analysis. X-axis displays cohorts by region.
Below panel: Significance of Wilcoxon Rank Sum test of difference between the two gender groups in each
subject-region-cohort. Source: Scopus

co-authors, by looking at the relationship between the structural features of an author’s
co-authors, as well as co-author status (i.e., the co-author’s demographic characteristics,
experience, etc.) and their network span (interdisciplinary and international reach of their
collaborations). These exploratory statistics reveal characteristics of men’s and women’s
collaboration during this time in four subjects (Medicine, Biochemistry, Engineering, and
Business and Economics) in the four regions of the EU28, the USA, Japan, and Brazil. In
contrast to previous work, our network analysis is able to consider both interdisciplinary
and international variation in gender-based differences in scientific collaboration.
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Review of key findings

We find a gap in both focal authors’ average productivity and publication tenure by gender
(Table A.2), as well as consistent evidence of women’s lower first-order degree central-
ity. The largest gaps in first-order degree centrality between men and women exist among
the most senior cohort of authors: this gap shrinks across cohorts but remains across most
region-subject pairs (Fig. 1). While women have fewer publications and collaborators than
their men colleagues, their co-authors are equally resourced, holding similar levels of con-
nections to the co-authors of men (Fig. 2). We also find that men and women tend to have
co-authors with similar average productivity levels across subjects and regions, with a few
exceptions (Fig. 4). Collaborator tenure is also largely similar, with women in the EU28
and Japan collaborating with others with slightly more experience (Fig. 5). There are sev-
eral potential mechanisms that may drive the slight difference in connection to more senior
collaborators, including differential positioning in roles or job tasks in collaborative space
compared to men, disparate publishing trends by gender based on external forces, status-
level processes that encourage the bifurcation of production roles in science, or growing
levels of representation of women across fields (King & Frederickson, 2021; Macaluso
et al.,, 2016; Milojevi¢ et al., 2018; West et al., 2013). Collectively, these findings are
notable in that they contradict arguments that men would have higher-status collaborators
(Cech, 2022; Moss-Racusin et al., 2012). We would expect high-status connections to be
those that are highly productive; thus men, who are more likely to self-report having a high
status connection (Elsevier, 2020a), should have collaborators with a higher average num-
ber of publications. But we find this is not the case.

We find many region-subject pairs to exhibit gender parity in the degree to which schol-
ars pursue interdisciplinary research, with some exceptions (Fig. 6). In Medicine and Bio-
chemistry in the USA and EU28, women have less interdisciplinary reach than men. The
same is true in Engineering in the EU28, but in the USA, women have greater interdisci-
plinary reach. Many region-subject pairs also exhibit gender parity in international reach
(Fig. 7). With the exception of EU28, our data show that men and women authors have
similar international reach, across cohort, discipline, and geography. In the EU28, we find
significantly lower levels of median international reach among women in Medicine, Bio-
chemistry, and Engineering across all cohorts, and in B&E among the more junior cohorts.

These findings add additional evidence to research seeking deeper treatment of the ways
in which men and women evidence interdisciplinarity (Rhoten & Pfirman, 2007; Sugi-
moto & Weingart, 2015) or engage with researchers internationally (Uhly et al., 2017; Zip-
pel, 2017). Broadly, we find considerable parity in men’s and women’s engagement with
international and interdisciplinary team collaboration. Yet the small significant gaps in
the EU28 and USA—where women do lag in terms of interdisciplinary and international
reach—help define scope conditions on which regions and subject areas may be in need of
research attention. For these regions, the results are consistent with established work show-
ing that gendered patterns of authorship and attribution reflect differences in specialization
(Leahey, 2006, 2007; Leahey et al., 2008) and may have implications for career outcomes.
Women academics tend to specialize less than men academics, thereby reducing their aver-
age visibility, productivity, and earnings (Leahey, 2006, 2007; Leahey et al., 2008). That
said, we employ a single measure of cross-subject interaction, and a more sophisticated
approach could build on this to consider multiple measures or a “framework” of interdis-
ciplinarity (Digital Science et al., 2016). Our findings introduce new questions about the
mechanisms that lead to cross-discipline and cross-region collaborations, and the ways in
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which men and women may be rewarded (or not) for these ties. Existing work suggests
that articles authored by women in international collaborations receive fewer citations than
those authored by men (Lariviere et al., 2013).

Attention to structural position in collaboration has never been more relevant, as sole-
authorship continues to decline and team science approaches are on the rise (Wuchty
et al., 2007). Co-authorship connections are often driven by status inclusion and exclusion
processes (i.e. conscious or unconscious decisions to seek out gender-similar collabora-
tors (Whittington, 2018)). Perhaps the most dramatic gap we find across the set is that of
gender homophily in the tendency to collaborate (Fig. 3). Homophily operates across all
regions and all subject areas. Such preferences have implications for women’s downstream
research productivity, both for their inclusion as co-authors with men and especially where
the representation of women is limited (e.g., there are fewer women than men to invite for
collaboration). Homophily remains an organizing mechanism even when gender is more
balanced in a field (Wang et al., 2019). However, the presence of durable homophilous
relationship dynamics across contexts holds special implications for the importance of
women’s representation in regions and/or disciplines where their numbers are small. Relat-
edly, the propensity to seek out collaboration within, as opposed to across, gender bounda-
ries has implications for those who focus on the value of diversity in group endeavors and
potentially for the diversity of the scientific questions asked (Koning et al., 2021; Page,
2008; Jones et al., 2008; Etzkowitz et al., 1994; Nielsen et al., 2017).

Implications for global science

Looking across countries, we find trends that indicate larger gender gaps favoring men in
first- and second-order degree centrality, international reach, and interdisciplinary reach
in Medicine and Biochemistry in both the EU28 and the US. This is revealing, and on the
surface puzzling, given the notably high representation of women in these fields in regions
with comparatively high levels of gender equity. After all, prior research has shown wom-
en’s scientific impact and output to be positively correlated with a nation’s gender equity
indicators (Chan & Torgler, 2020; Lariviere et al., 2015). In our results, women in Med-
icine and Biochemistry in the EU28 and USA enjoy high average scientific output (see
Online Resource 2). More generally, these findings raise questions about region-subject
pairs where more progressive gender norms and an increased representation of women are
presumed to lead to more gender-equitable career outcomes. However, our findings are
consistent with work that finds less gender equality in STEM representation among coun-
tries with more progressive gender norms (Charles, 2011).

There are some possible explanations that may shed light on how to reconcile our find-
ings with both strands of prior work. Charles and Bradley (2009) suggest that culturally-
specific, normative influences may lead gender-differentiated STEM pathways to flourish in
places where women’s access to STEM education is high, and they find this to be the case
with respect to women’s choice of major in higher education. In science, disciplines and
countries with ample opportunities for women may also introduce opportunities for gen-
der differentiated career pathways and career positioning to emerge over time. In the USA
and EU28 in particular, research in the life sciences encompasses an extremely diverse
set of fields that can accommodate a plethora of career paths and engagement in research
across academic, industrial, and clinic-based work (Powell et al., 2005; Smith-Doerr, 2004,
Whittington, 2018). Fields and geographies where STEM labor supply is populous and in
high demand may be more likely to develop various and differentiated career paths and
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positions and lead to gendered pathways in women’s participation and involvement in the
field. We suggest that in region-subject pairs where women’s representation is high (i.e.
the life sciences in the USA and EU28), culturally-specific, normative influences may
also work to shape men’s and women’s network positioning. In region-subject pairs where
women are making significant inroads into an area—such as the professions of medicine,
and the life sciences in the USA and UK—research has found that gender-differentiated
career pathways can develop inequity in men’s and women’s authority and responsibility
(Goldin, 2014; Smith-Doerr, 2004; Whittington, 2009; Whittington & Smith-Doerr, 2005;
Williams et al., 2013), with implications for overall levels of horizontal and vertical occu-
pational sex segregation (Charles & Grusky, 2004). Flexibility and tracking in these fields
may allow for increased, yet qualitatively different, participation among women scientists.
In the case of authorship, women and men in these fields may be more likely to sort into
career tracks and specialties that promote (or do not promote) publishing and collabora-
tive research behavior. Women may be in the field, but in less advantageous network posi-
tions. It is important for future research to investigate these dynamics and their underlying
mechanisms further.

Furthermore, parity in representation does not mean that women and men are afforded
training opportunities with equal status. Weeden et al. (2017) find that although women
earn nearly half of doctoral degrees in research fields, there is considerable gender segrega-
tion across fields in top-ranked, high-prestige PhD programs. That is, women in the USA
and EU28 may be better represented in certain fields, but if they start their studies in lower-
status PhD programs compared to men, this may set in motion a path of collaborative dif-
ferences in authorship dynamics across their careers. Our data do not provide the details for
us to more fully interrogate these dynamics, but future work would do well to investigate
the mechanisms leading to geography- and field-specific differences in men’s and women’s
career outcomes with more specificity.

Conclusion

Future research could broaden the scope of the existing measures and cohorts used and
include more regions and subject areas. For example, the characteristics studied here are
limited to the time window examined (and to those authors who published in 2013). Broad-
ening the range of years to include more recent time periods alongside this set, and per-
haps during the COVID-19 pandemic, could complement these findings and shed light on
changes over time (and when men’s and women’s work-life balance is under stress). In
addition to the network metrics examined here, future developments of this study could
make use of more sophisticated (and more computationally intensive) metrics that a net-
work analytic perspective can provide. These could include network measures that take
into account a higher order of ties, such as power and closeness centrality (the extent to
which authors connect to well-connected or powerful co-authors across a network, or sit
on a short number of paths to others), the extent to which men and women act in broker-
age capacities (connect otherwise unconnected co-authors, a frequent site for innovation),
and the degree of overlap, clustering and aggregate constraint on men’s and women’s local
network relationships.

Network-based indicators in this dataset could also be leveraged to examine whether and
how men and women receive differential effects from co-authorship network position on
research outcomes and career progression. Research has shown that women and men may
have similar positioning, but receive differential benefits for this positioning (Whittington,
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2018). It is important to assess whether and how these differences in influence may be in
operation in co-authorship collaboration across subjects, regions, and time.

Our findings of gender differences and similarities in network positioning provide
insight into the international and interdisciplinary structure of scholarly collaboration.
Measures of the productivity and structure of these collaborations—including mean and
median number of publications and first- and second-order degree centrality—gives us
insight into inequalities in authors’ positioning in the scholarly network. Measures of sta-
tus provide understanding of how these relationships vary in their power and adherence
to the network laws of preferential attachment, and thus in their influence over differen-
tial rewards to collaboration. Our results also find variation in gendered dynamics across
geographical- and subject-space. A focus on variation across regions and subjects deepens
our understanding of the relationship between region-level socio-economic context, oppor-
tunity and gender equity in science and provides important avenues for future research.
Overall, our results enhance a broad understanding of gender differences across scholarly
disciplines and geographies.
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