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Abstract

In solo research, scientists compete individually for prestige, sending clear signals about
their research ability, avoiding problems in credit allocation, and reducing conflicts about
authorship. We examine to what extent male and female scientists differ in their use of solo
publishing across various dimensions. This research is the first to comprehensively study
the “gender solo research gap” among all internationally visible scientists within a whole
national higher education system. We examine the gap through mean “individual solo pub-
lishing rates” found in “individual publication portfolios” constructed for each Polish uni-
versity professor. We use the practical significance/statistical significance difference (based
on the effect-size r coefficient) and our analyses indicate that while some gender differ-
ences are statistically significant, they have no practical significance. Using a partial effects
of fractional logistic regression approach, we estimate the probability of conducting solo
research. In none of the models does gender explain the variability of the individual solo
publishing rate. The strongest predictor of individual solo publishing rate is the average
team size, publishing in STEM fields negatively affects the rate, publishing in male-dom-
inated disciplines positively affects it, and the influence of international collaboration is
negative. The gender solo research gap in Poland is much weaker than expected: within a
more general trend toward team research and international research, gender differences in
solo research are much weaker and less relevant than initially assumed. We use our unique
biographical, administrative, publication, and citation database (“Polish Science Obser-
vatory”) with metadata on all Polish scientists present in Scopus (N=25,463) and their
158,743 Scopus-indexed articles published in 2009-2018, including 18,900 solo articles.
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Introduction

In the highly competitive global science, publications are a major determinant of success-
ful academic careers (Stephan, 2012). However, publications represent various types of
authorship, with the major distinction between solo and team research. Single-authored
publications, characterized as being doomed to extinction for the past three decades in
research literature (spanning scientometrics, sociology of science, economics of science,
and higher education research) but still continuing to exist, ask for analytical attention as
a special mode of academic knowledge production (Kuld & O’Hagan, 2018). Our interest
here is in what we term “the gender solo research gap,” or differences in using solo pub-
lications by male and female scientists (best visible through mean individual publishing
solo rate: fractions of single-authored publications among all publications in their ten-
year publication portfolios), and its impact on academic careers. Solo publications reflect
the traditional vision of knowledge in which individual scientists, rather than their teams,
contribute to scientific discoveries. Although this perspective has been changing, with ever
greater emphasis on team research, solo research continues to exist, albeit with different
roles in different disciplines (West et al., 2013).

In an academic world in which gender gaps in research funding (Cruz-Castro & Sanz-
Menéndez, 2019; Van den Besselaar & Sandstrom, 2016), promotion and tenure (Rivera,
2017; Weisshaar, 2017) and salary (Ceci et al., 2014; Diezmann & Grieshaber, 2019) pre-
vail, solo research is the only publishing mode in which there seems to be no ambiguity in
credit allocation for research achievements, no errors in signals about scientists’ research
abilities, and no “biased credit attribution” (Sarsons et al., 2020: 31). In solo research, sig-
nals are not “noisy”’: men and women are treated similarly as sole authors and “receive the
same amount of credit” (Sarsons et al., 2020: 32). Thus, solo research is a special case of
credit allocation in science and it may play a special role in tackling gender discrimination,
especially in terms of tenure. As recently shown in the case of economics, women face an
enormous penalty for collaboration: while men get the same amount of credit for collabo-
rative and solo research, women get essentially zero credit in tenure decisions if they col-
laborate with men (Wang & Barabasi, 2021: 144-146). In most mixed-sex authorship con-
figurations, female scientists are gaining less credit than deserved and exclusively same-sex
publications tend to keep female scientists in female ghettos, limiting their academic and
professional networks and hence their academic impact.

Solo research is thus a special case of authorship and publishing strategy which deserve
to be studied in more depth because of its unbiased signaling of scientists’ ability, cred-
ibility and independence. The role of solo research in academic careers seems potentially
very important. However, solo research has not been examined from the perspective of
sex differences, as opposed to numerous studies of collaborative research: are there notice-
able and statistically significant differences between men and women in their use of solo
research as part of their publishing strategies? Do the differences in publishing and col-
laboration patterns hold across major dimensions of academic careers (such as age, institu-
tional type, academic seniority, and academic disciplines)?

We first briefly summarize gender gaps in science, adding the gender solo research gap
to a long list of existing gaps; then we summarize the existing research on solo research
in various contexts; and finally we move on to examine the relationship between publish-
ing solo, gender and selected individual and institutional variables relevant for academic
careers.
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In the early twentieth century, the publication author was simply the single author. How-
ever, individual science gradually changed into team science over the century (Lariviere
et al., 2015; Wuchty et al., 2007), with exponential growth of co-authored publications
accompanied by expectations that solo research would disappear (Price, 1963). The most
characteristic tendency in publishing in the twenty-first century is the “intensifying sci-
entific collaboration” (Glédznel, 2002: 461). Currently, assigning credit to, and receiving
recognition from, collaborative research is still an unresolved problem; this has been high-
lighted extensively in the past three decades (Allen et al., 2014; Bridgstock, 1991; End-
ersby, 1996; Sarsons, 2017). Current thinking about science and its progress deeply rooted
as it is in the history of science, with the sole author on the science pedestal for centuries
(Shapin, 1991) has not caught up with daily practices in science in which team publishing
predominates; in such daily practice, there is an increasing share of collaborative research
in global science, and the average team size is increasing both in natural (Huang, 2015)
and social sciences (Henriksen, 2016). Consequently, with the increasing division of labor,
specialization, and hierarchy in larger teams, it is difficult to clearly identify who should be
given credit as the main “authors” of the paper (Jabbehdari & Walsh, 2017: 2).

Our focus is on gender differences in solo research from the macro-level perspective of a
single national system. Our dataset comprises all scientists with doctoral degrees employed
full time in the higher education sector and all their Scopus-indexed publications, includ-
ing all solo publications, in all academic disciplines. Our focus is on how male and female
scientists of various biological ages, academic positions, and institutional types make use
of, and benefit from, solo publishing.

Solo publishing, including gender differences in solo publishing, has not been studied
comprehensively in terms of whole national systems, all age groups, academic positions,
and disciplines. Kuld and O’Hagan (2018) examined 175,000 articles in 255 top journals
in economics; Vafeas (2010) studied 25 accounting and finance journals over a five-year
period; Nabout et al. (2015) studied four sub-areas of biology; and Ghiasi et al. (2019)
studied 1.18 million solo articles published in 2008—-2017 and indexed in the Web of Sci-
ence. Generally, solo research has appeared in the margins of the studies of multi-authored
papers. The sub-issues related to the gender solo research gap can be characterized as fol-
lows: (1) solo research and career stages (e.g., early career, mid-career, and established
scientists); (2) solo research and disciplines (or cross-disciplinary differences); (3) solo
research and institutions/institutional types (or cross-institutional differences); (4) solo
research and academic rewards (e.g., tenure, research grants, and academic recognition);
and finally, (5) solo research and disciplinary, institutional, and national academic cultures
(and their changes over time). However, our empirically-driven focus is limited by our data
because we do not have the reliable data on research grants, new hires, and changes in aca-
demic cultures over time.

In this study, gender has been unambiguously defined for all scientists, and all solo arti-
cles produced in a national system in 2009-2018 and indexed in Scopus have been gen-
der classified. Using our newly constructed “Polish Science Observatory” database (see
Kwiek & Roszka, 2021a, 2021b), we examined all male and female scientists with their
biographical and administrative histories, including their biological age and clearly defined
academic positions, as well as locations of their institutions and their dominant disciplines;
we then investigated all their research articles, whether published solo or in teams. Based
on previous global research literature, we assumed gender differences in solo research to be
significant, and we examined them through “individual publication portfolios™ specifically
constructed for each scientist (N=25,463 scientists, all with doctorates, with 158,743 arti-
cles published in 2009-2018, including 18,900 solo articles; in our sample, 2887 female
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scientists authored 6119 solo articles, and 4871 male scientists authored 12,781 solo arti-
cles). For contextual purposes, we also examined our parallel “OECD Science Observa-
tory” database of all (gender-defined) scientists and all (gender-classified) articles indexed
in Scopus from 1674 research-involved institutions from 38 OECD economies in the same
period (2009-2018), encompassing 11,087,392 scientists and 27.4 million publications.

Key literature
The context: the gender gaps in science

The gender solo research gap accompanies other gender gaps in science. Systematically
reviewing research literature on male—female differences in science, we have identified
specific gender gaps in 15 areas; to which we add a new one: gender solo research gap.
These gender gaps refer to productivity, self-citations, international collaboration, mobility,
professional networks, research funding, academic time distribution, academic role orien-
tation, disciplines, methods, and research agendas (defined here as “input-related gender
gaps”), as well as citations, group work recognition, tenure, and salaries (defined here as
“output-related gender gaps”; see Fig. 1).

Input-related gaps accompany the process of research production; output-related gaps,
in contrast, accompany the processes of assessment and reward in science (and assess-
ment and rewarding of scientists, its producers). Among the rewards in science, we identify
differences in how male and female scientists are cited, how their role in collaboration is
assessed, how they obtain their tenure, and what salaries they receive. Good examples of
input versus output-related gender gaps are self-citations for the former gap class and cita-
tions for the latter. Female scientists tend to self-cite less (King et al., 2017; Maliniak et al.,
2013) on the input side, but they also tend to be cited less (Ghiasi et al., 2018; Potthof and
Zimmermann, 2017) on the output side. Instead of providing a wide panorama of gender

Input-Related Gender Gaps

Gender Productivity Gap
Gender International Collaboration Gap
Gender Mobility Gap
Output-Related Gender Gaps

Gender Self-citation Gap

Gender Solo Research Gap

Gender Research Funding Gap Gender Gap in Science

Gender Professional Network Gap
Gender Academic Time Distribution Gap
\ Gender Academic Role Orientation Gap
Gender Disciplinary Representation Gap
Gender Methods Gap

Gender Research Agenda Gap

Fig. 1 Gender gaps in science: a classification
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gaps in science and how they operate, a list of the 16 gender gaps with a few representative
studies is presented in Table 1. However, on top of that, gender gaps in science function
within much larger gender socioeconomic gaps, with the former being clearly linked to
the latter; for instance, gender relations in universities cannot be easily disassociated from
gender relations in societies at large (including balancing work and family roles, the role of
religion and patriarchy in societies, etc.; see a comprehensive account in Lindsay, 2011).
Women are massively involved in research, but gender gaps continue to exist, possibly
widening in some areas. Polish women constituted 41.50% of university professors of all
ranks, with at least a doctoral degree in our sample and 47.56% of the entire full-time aca-
demic workforce in 2020 (Statistics Poland, 2021: 126). A mechanism that may contribute
to widening rather than closing gender gaps in science is “cumulative disadvantage”, or the
“accumulation of failures” (Cole, 1979: 78), representing the reverse of Merton’s (1968)
“cumulative advantage.” Processes of accumulative advantage for male scientists may be
accompanied by processes of accumulative disadvantage for female scientists in which the
negative impact of some or all gender gaps combined build up over time (with the “self-
reinforcing dynamic” ever stronger; van den Besselaar & Sandstrom, 2017: 14). As the
rich (in citations, publications, international collaboration, mobility, funding, professional
networks, research time, tenure, recognition, etc.) become richer, the poor here, female sci-
entists embedded in gender gap-ridden academic environment become relatively poorer.

Solo research and the individual authorship decision

Research literature tends to show the future of solo research in dramatic terms; while
the “decline” of solo publications has been discussed for several decades, more recently,
the “extinction of the single-authored paper” has appeared “imminent” (in ecological
research; Barlow et al., 2017). Moreover, “the demise of the ‘lone star’” as the author of
solo research is discussed, even though the results from research indicate “relative decline”
(in economics; Kuld and O’Hagan, 2018). Solo research is conceptualized as a “vanishing
breed,” particularly in life sciences (Allen et al., 2014), and the “demise of single-authored
publications” is reported in computer science (Ryu, 2020). Apart from a long list of factors
explaining why solo research is disappearing, two technical factors are important to high-
light as follows: the tendency of supervisors to co-author with their students and doctoral
students and a shift from informal to formal collaboration in which scientists are making
sure that their contributions are visible (Henriksen, 2016). As a paper on Austrian life sci-
ence postdocs summarizes its qualitative findings, “nearly every act of technical or epis-
temic support constitutes an implicit exchange relationship; publication credits are received
for the time and knowledge invested” (Fochler et al., 2016: 193).

In practical terms, solo research stems from voluntarily making individual authorship
decisions. Individual scientists make consequential authorship decisions about how to fol-
low in their research, and choosing solo publications is one of the options (as is choosing
same-sex or mixed-sex collaborators, McDowell et al., 2006; on the gender-based homo-
phily in research, or men collaborating with men and women collaborating with women,
see Kwiek & Roszka, 2021b). The authorship decision is important because “it is likely
to affect the project’s quality, efficiency of execution, and exposure, as well as the amount
of credit an author receives following its eventual publication” (Vafeas, 2010: 332). The
results of many individual authorship decisions accumulate over time, accompanying life-
time academic careers.

@ Springer
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Authorship decisions may bear on tenure decisions and the availability of external
research grants from national research councils. Major research funding agencies may favor
not only publications in top international journals but also publications written in interna-
tional collaboration (Kwiek, 2015), following the global and European “internationaliza-
tion imperative” (Ackers, 2008) in research policies and a generally assumed link between
research internationalization and productivity (Kwiek, 2016; a global exception to a posi-
tive role of research internationalization in promotion, tenure, salaries, and research grants
being the United States, see Cummings & Finkelstein, 2012). Therefore, authorship deci-
sions need to be “intelligent” (Vafeas, 2010: 333) and “‘strategic” (Jeong et al., 2011: 968).
The major discrete choice among the collaboration modes is between solo research and
team research and then between the various types of team research. Women are reported to
be significantly underrepresented not only as first and last authors of publications (Walker,
2019) but also as authors of solo research (Sarsons et al., 2020; Walker, 2019; West et al.,
2013).

Individual authorship decisions may be critical for individual academic careers; how-
ever, the implications go far beyond individual scientists and reach the aggregated levels of
institutions, disciplines, and national systems. For instance, Poland has the lowest level of
international collaboration in research among all 27 European Union countries and the sec-
ond highest levels in solo publishing at 36.0% and 12.1%, respectively (Scopus, 2021; see
Kwiek, 2021b). The publishing patterns at aggregated levels, such as those for an institu-
tion or a country, depend entirely on individual decisions of thousands of scientists who are
willing to publish solo or in institutional, national, or international collaboration.

Collaboration, as opposed to solo publishing, involves compromise and tends to reduce
risk taking (Hudson, 1996: 157; Kuld and O’Hagan, 2018: 1221). However, collaboration
can result in information overload, unclear responsibilities, and communication issues col-
lectively known as “coordination costs” (Olechnicka et al., 2019: 111). Scientists make
consequential decisions not only about where to publish (within a steep hierarchical order
of academic journals; see the “prestige-maximization” role of top journals in Kwiek,
2021a) but also about whether to publish solo or to collaborate based on the available
resources, research environment, and trade-offs among alternative modes of collaboration
(Jeong et al., 2014: 521).

The gender solo research gap can be examined along two lines: sex differences in select-
ing solo publishing, and sex differences in the intensity of publishing solo (only for scien-
tists involved in this publishing type).

Solo research and academic reputation

Academic reputation comes almost exclusively from publications (Stephan, 2012), just
as social stratification in science is largely publication based (Kwiek, 2019). It seems to
be closely linked not only to team publications but also to solo publications. The disci-
plines studied in the literature in the context of solo research include accounting (Rut-
ledge & Karim, 2009), mathematics (Mihaljevi¢-Brandt et al., 2016), social sciences and
humanities (Lariviere et al., 2006), political sciences (Fisher et al., 1998), and life sciences
(Fochler et al., 2016; Miiller, 2012; Miiller & Kenney, 2014). Specifically, the link between
academic reputation and solo research pertains to highly prolific and highly cited authors
(Vafeas, 2010): a certain minimum amount of solo publications may be needed to belong to
the global research elite (Kwiek, 2016), and solo publications for this specific layer of top
scientists may be strategically located in highly prestigious journals.
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As a study of accounting shows, prolific authors in accounting literature become more
productive and produce longer articles using extensive collaboration. However, such pro-
lific authors “appear to decrease the number of co-authors on their higher quality publica-
tions, possibly to increase the quality of their reputation” (Rutledge & Karim, 2009: 130).
Interestingly for our research, regression results suggest that productive authors’ publica-
tions that use fewer co-authors are more likely to appear in journals with a greater impact
on the literature (Rutledge & Karim, 2009: 133). Scientists are reported to be more likely
to publish solo research if they are affiliated with universities located higher in rankings,
when the expected amount of work (proxied by the article’s length) is small, and if the
article is conceptual rather than empirical (Vafeas, 2010: 340-341). The university rank is
significantly related to the likelihood of single authorship, with authors from highly ranked
institutions “having the training and resources to be more self-sufficient in conducting their
research” (Vafeas, 2010: 341). There may be a tendency of highly cited scientists to publish
their solo research, rare as it is, in top journals in their disciplines. Although we will not
compare highly prolific male and female scientists in this research, we will analyze male
and female scientists located in two institutional types ("Solo research, academic discipline
and institutional research intensity by gender ", "A modeling approach: a fractional logit
regression model" Sections): ten research-intensive universities and the remaining institu-
tions in the system.

Solo research, credit allocation, and authorship claims

Solo research avoids problems in credit allocation for publication (Sarsons, 2017; Sarsons
et al., 2020), and it may reduce possible conflicts about authorship (Barlow et al., 2017).
Academic publications are key to the individual futures of young scientists, men and
women alike, especially when large cohorts of postdoctoral researchers seek permanent
jobs (confirming the role of “cohort effects”; Stephan, 2012: 174—176). Young scientists
fight for academic survival in a rapidly changing academic world in which doctoral stu-
dents are already expected to publish, and postdocs are expected to publish extensively;
such expectations were lower in the late twentieth century. High-quality research perfor-
mance matters because, as Stephan (2012: 149) comments, “no output, no funding”. How-
ever, cohort also matters: in this case, what is important is the current global abundance of
postdoctoral researchers and the scarcity of academic employment opportunities for them.
The supply of highly able doctorates exceeds the demand for postdoctoral opportunities,
not to mention permanent jobs. A series of studies based on in-depth analyses of interviews
with postdocs in life science about their academic career rationales (Fochler et al., 2016;
Miiller, 2012; Miiller & Kenney, 2014) highlight growing tensions related to the choice
of preferred working style and publishing pattern in their day-to-day practices. In a hyper-
competitive academic environment in which the supply of postdocs in life sciences (as in
other disciplines) is much higher than the demand for candidates for full-time academic
jobs, young scientists with doctorates have to ensure first authorship (or solo authorship)
for their publications if they want to send clear signals to the academic labor market about
their outstanding research abilities.

Publication, and hence, the question of authorship, is pivotal in negotiations about col-
laboration in ongoing research. The postdoc’s choice is often to work individually to avoid
possible authorship conflicts; postdocs are reported to use those collaborative opportunities
that “do not pose a threat to individual authorship claims” (Miiller, 2012: 291). In fast-
growing, highly internationalized, and highly competitive research fields in which science
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is expected to be highly collaborative young scientists, paradoxically, may choose individu-
alized modes of working and publishing. The reason is simple: in solo (or, to some extent,
first-author papers), it is clear where credits for publication go. Strategic thinking may
involve considering solo research more strongly in one’s 30s than in one’s 40s although
certainly not in all disciplines. In Europe, with its highly prestigious, multibillion-euro
European Research Council financing thousands of scientists, publications co-authored
with dissertation supervisors tend not to count in competitions for early career researchers.

While publishing in co-authorships is safer (the risk of openly hostile criticism is
reduced, and the responsibility for errors is divided between all co-authors), it may not
suffice to obtain a permanent job, or in some systems, to keep it. In most disciplines, first-
author publications are as powerful signals of individual research ability as solo publica-
tions are. Although Price (1963) expected that “by 1980 the single-author paper will be
extinct,” Abt (2007: 358) was right when he claimed that single-authored papers would
not disappear soon because “there are some projects that do not require teams and some
authors who prefer to work individually.”

On top of that, benefits from team research always needs to be juxtaposed with the costs
and risks of it which may differ by gender. Management costs for team research, with more
people, institutions, and countries involved, tend to be higher. Specifically, transaction
costs (Georghiou, 1998) and coordination costs (Cummings & Kiesler, 2007) are higher
for international research collaboration and they may be higher for female than for male
scientists. Women may be more negatively affected by physical mobility requirements in
international collaboration (Ackers, 2008; Zippel, 2017). In team research, there is a trade-
off between increased publication numbers and access to research funds and the need to
minimize transaction costs (Landry & Amara, 1998).

Solo research and academic discipline, age, and seniority

Solo research is differently distributed across disciplines, which exhibit distinct dominant
collaborative practices; consequently, one might not expect a direct comparison between
the team size of papers in mathematics versus physics and astronomy (Huang, 2015), the
former being a low-author field and the latter a high-author field on average. Average team
size is highly differentiated across disciplines (Larivieére et al., 2015), and in disciplines
that are heavily solo research dominated, such as some in the arts and humanities and in
social sciences, authorship credit is usually attributed to a single author (Endersby, 1996:
381). As reported for Canada, “in the humanities and literature, formal collaboration based
on co-authorship is a marginal phenomenon” (Lariviere et al., 2006: 531). As demonstrated
for seven major academic institutions in Israel, the more theoretical the research, the higher
the probability of the paper being single authored (Farber, 2005: 65), as confirmed also
for political science journals (Fisher et al., 1998: 855). There are also significant cross-
institutional differences in the numbers and shares of solo publications, with mathematics
identified as a discipline with a remarkably higher number of single-authored papers across
all seven Israeli institutions (Farber, 2005: 64); and cross-journal differences within disci-
plines, as in political science (Fisher et al., 1998). We examine gender differences by disci-
pline in "Solo research, academic discipline and institutional research intensity by gender
" Section.

While the general opposition between solo and team research is analytically useful, it
does not allow telling the whole story, especially the story of ongoing evolution in domi-
nant authorship types by discipline. In some disciplines, the historical change in the past

@ Springer



Scientometrics

quarter of a century is away from solo and toward team publications, while in others, it is
away from two-author and toward three-author publications. The trends for two-author and
three-author publications may not be the same, and the trends for two-author and 10-author
publications, both being generally team publications, may differ substantially. “Small-
group collaborations” may have different dynamics by discipline and over time than “large-
group collaborations” do. Consequently, “small-group collaborations” in basic sciences as
stochastic processes differ from “large-group collaborations” as staggered plateaus (Huang,
2015: 2141-2146). In different disciplines, there are different authorship types dominating
at one time, and research collaboration in different disciplines may go through the same
stages, but with a delay, at different times (Huang, 2015: 2146).

Solo research emerges from literature as strongly related to age and academic seniority
which we study empirically in "Solo research, biological age, and gender" Section. Junior
faculty are reported to show a higher propensity to publish solo research than senior fac-
ulty are, with two independent explanations for this phenomenon: first, junior faculty use
single authorship as signals about their ability to perform independent research; and sec-
ond, junior faculty are sole authors in papers coming out of their doctoral theses (Vafeas,
2010: 341), in the Polish case, when they are about 30-35 years old. As Kuld and O’Hagan
(2018) have shown for journals in economics, younger scientists publish significantly more
solo-authored papers than older scientists do. In economics, over 20% of all articles in top
journals are solo authored, and in many cases, solo-authored articles have citation counts
as high as or higher than citations for papers with multiple authors (Kuld & O’Hagan,
2018: 1223). Solo research may also suggest a higher degree of research independence and
credibility, and it may be useful in the academic job marketplace at the postdoctoral level.

Research questions and hypotheses

Our four research questions and hypotheses are shown in Table 2, together with support
received in the Results section of the paper. They are strongly linked to findings from pre-
vious studies analyzed above in the context of solo research in general (authorship deci-
sions; academic reputation; credit allocation) and solo research and gender.

We want to examine sex-related differences in solo publishing as a specific publishing
strategy and assess the scope and possible impact of these differences within a national
context. The research questions we follow are also closely related to the data at our dis-
posal: in this empirically-driven paper, we are unable to examine the questions for which
no data are available, such as, for instance, wider changes of disciplinary, institutional
and national academic cultures toward gender equality ongoing in Polish universities; or
the differentiated impact of a decade of higher education reforms on beliefs and attitudes
regarding publishing and collaboration patterns of male and female scientists for which
reliable data would come from national surveys. The hypotheses pertain to academic dis-
ciplines (H1), institutional research intensity (H2), and biological age (H3). Finally, we
are also studying the relationship between the propensity to publish solo and gender (H4)
using fractional logit regression models.
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Data and methods
Dataset

We used “The Polish Science Observatory” database (see Kwiek & Roszka, 2021a: 4-6
for its description). Two large databases were merged. An official register of all Polish
academic scientists was merged with the Scopus database of author’s names/IDs and pub-
lications, with all metadata available. The merger of the biographical and administrative
dataset (The Polish Science) with the publication and citation database (Scopus) used both
probabilistic record linkage and deterministic record linkage. Database I comprised 99,535
scientists. The data used were demographic (gender and date of birth) and professional
(the highest degree awarded; award date of PhD, habilitation, and full professorship; and
primary institutional affiliation), with each scientist identified by a unique ID. Database II
included 169,775 names from 85 institutions whose publications for the decade analyzed
(2009-2018) were included in the Scopus database and 384,736 Scopus-indexed publica-
tions. Probabilistic methods of data integration were used (see Herzog et al., 2007; Enam-
orado et al., 2019). An integrated database used in this research finally included 32,937
unique authors of publications of various types, including 25,463 authors of journal arti-
cles. Our dataset had 7758 solo scientists (i.e., scientists with at least a single solo article,
4871 male and 2887 female scientists) and 19,252 solo articles. In the “Observatory” data-
base, every Polish academic scientist with a doctoral degree is characterized by the domi-
nant discipline (one of 27 ASJC general disciplines, ASJC is All Science Journal Clas-
sification in Scopus). Consequently, we had a clearly defined gender, biological age, and
dominant discipline for every scientist, along with all their solo and team publications, as
well as the distribution of female and male scientists in every discipline. The dominant dis-
ciplines, individual publication portfolios, gender composition of disciplines, and average
publication prestige were constructed for the decade of 2009-2018.

Methods

As in our previous research on gender disparities in international research collaboration
(Kwiek & Roszka, 2021a) and on gender-based homophily in research or man-woman col-
laboration patterns (Kwiek & Roszka, 2021b), also here every Polish scientist represented
in our integrated database was ascribed to one of 27 ASJC disciplines at the two-digit level
(following Abramo, Aksnes, & D’Angelo, 2020). A paper can have one or multiple disci-
plinary classifications (see the ASJC discipline codes used, as described in Table 3). The
dominant discipline for each scientist is the mode for each of them: the most frequently
occurring value (when no single mode occurred, the dominant discipline was randomly
selected). Consequently, all Polish scientists with Scopus-indexed articles were defined by
their gender, discipline, as well as their publications included in their individual publica-
tion portfolios. Every ASJC discipline in Poland represents proportions of male and female
scientists: they are either male-dominated or female-dominated disciplines. However,
GEN, NEURO, and NURS disciplines did not meet an arbitrary minimum threshold of 50
scientists per discipline and were omitted from further analysis.

Table 3 provides a short description of variables used in the analysis (“Observatory”
refers to the Polish Science Observatory and “Ministry” means the Polish Ministry of Edu-
cation and Science).
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The key methodological step was to determine what we termed an “individual pub-
lication portfolio” for every internationally visible Polish scientist (for the decade of
2009-2018). Next, using an individual scientist as the unit of analysis, we calculated the
proportion of solo articles among all articles within the individual publication portfolio of
every Polish scientist in the sample.

Thus, for all scientists, male and female, we constructed what we termed the individual
publishing solo rate (for scientists publishing all their articles alone, the rate is 1) as a
numerical variable. Analogously, a rate of 0 is equivalent to conducting no solo research:
the scientist collaborates with others in all publications, that is, there are only collaborative
articles in the portfolio. We have also considered another operationalization of the gender
solo research gap (as in studies of gender wage gap, see Blau & Kahn, 2000; Sitzmann &
Campbell, 2021). We considered computing 1 minus women’s publications as a percent-
age of men’s publications, with higher scores indicating a larger gap (Sitzmann & Camp-
bell, 2021). However, comparing male and female solo rates across the various dimensions
was more intuitive than comparing scores across them mostly because publishing patterns
cannot be easily compared to other discriminatory practices in universities (such as tenure
gap or salary gap). We are examining gender differences in publishing patterns within a
national system from a cross-sectional perspective and we do not compare changing rates
over time and across countries for which changing scores would be useful.

For the vast majority of scientists (10,015 or 67.3% of all men and 7690 women or
72.7% of all women; 17,705 in total), the individual publishing solo rate was zero, mean-
ing they had not had a solo article published in the decade studied. The total number of
solo articles in the study period is 18,900, where 12,781 (or 67.6%) were published by men
and 6119 (or 32.4%) by women. The total number of solo scientists is 7758, of which the
majority are men (Table 4).

We have decided not to analyze the time trend of solo work in 2009-2018 by gender
and by the dimensions we use for individual publication portfolios in "Solo research, aca-
demic discipline and institutional research intensity by gender " to "A modeling approach:
a fractional logit regression model" Sections. However, we have calculated individual solo
rate for each year separately and the trend is clearly away from publishing solo, with the
individual solo rates of 0.098 in 2009 and 0.068 in 2018 (down from 0.074 to 0.057 for
women and down from 0.113 to 0.076 for men in this period). Using the data for particular

Table 4 Distribution of Polish scientists by publication type (solo scientists, non-solo scientists) and gen-
der. Solo scientists are scientists with at least one solo article in their individual publication portfolio in the
period studied (2009-2018) (N =25,463 scientists)

Female Scientists Male Scientists Total
N Row% Col% N Row% Col% N Row % Col %
Solo scientists (with at 2887 37.2 273 4871 628 327 7758 100.0 30.5
least one solo article in
individual publication
portfolios)
Non-solo scientists 7690 434 72.7 10,015 56.6 67.3 17,705 100.0 69.5
(with no solo article in
individual publication
portfolios)
Total 10,577 41.5 100.0 14,886 58.5 100.0 25,463 100.0 100.0
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years 2009-2018 rather than for the whole period is less reliable because Polish scientists
tend not to publish, and not publish solo research, every year: in 2009 there were 9326 sci-
entists and in 2018 16,805 scientists with at least one publication, the number of scientists
increasing every year. However, the number of scientists with at least a single solo article
in a given year was only 1165 (836 men and 329 women) in 2009 and 1540 (1004 men
and 536 women) in 2018, also increasing every year. In terms of disciplines, the solo rate
clearly decreases over time: the share of solo publications in individual portfolios has been
clearly declining between 2009 and 2018 for every discipline (see Table 11). Polish scien-
tists publish similar numbers of solo publications per year but more team publications per
year; consequently, the solo rate decreases over time in every discipline.

The major difference between approaching solo research via individual publication port-
folios and via aggregated percentages of solo research in the Polish science system as a
whole is the role of publishing outliers, or highly productive scientists (see Kwiek, 2016).
Their role is reduced in the first method, whereas they may play an excessive role in the
second method, leading to distortions, especially in view of previous research showing a
highly skewed distribution of productivity in Polish science (in which 10% of scientists
produce about 50% of publications; Kwiek, 2018b). In the first method, each scientist has
a clearly defined individual publication portfolio, with a specific individual publishing solo
rate ranging from O to 1. The impact on the average male and female rates in Poland of sci-
entists with 100 publications equals the impact of those with 10 publications.

Because of the relatively large sample used in our analysis (N=25,463), the results of
the statistical tests were strengthened by the effect size analysis. When using large sam-
ples, classical statistical procedures usually lead to the rejection of the null hypothesis,
even when differences between subpopulations are negligible (Leech et al., 2015: 196):
“statistical significance is not the same as practical significance or importance. With large
samples, you can find statistical significance even when the differences or associations are
very small/weak” the phenomenon which is termed effect size. This may lead to consider-
ing small deviations as practically significant, while for large samples, they do not have
to be so. Therefore, we examined statistical significance and effect size, and based on the
results of the analysis, the practical significance of gender differences was found. Effect
size is defined as “the strength of the relationship between the independent variable and the
dependent variable and/or the magnitude of the difference between levels of the independ-
ent variable with respect to the dependent variable” (Leech et al., 2015: 197, see Cohen,
1988).

Kolmogorov-Smirnow tests for solo rate distribution normality were used and the null
hypotheses were rejected for the whole population, as well as for all subpopulations ana-
lyzed (academic disciplines, institutional types, and age groups). Statistical assumptions
of normality distribution were not met in any case and therefore we decided to use non-
parametric Mann—Whitney test. Because we used the Mann—Whitney test to assess the dif-
ference between solo rate for male and female scientists, an r coefficient was used (not
to be confused with Pearson’s r) to assess practical significance of these differences. The
formula used was as follows:

1Z]
VvV +n,

where Z is test statistics, n, is size of first subsample, #, is the size of the second subsample.
The coefficient has the following interpretation: r<0.1 no effect, 0.1 <r<0.3 small
effect, 0.3 <r<0.5 medium effect, and > 0.5 large effect (Field et al., 2012: 58).
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Sample

The sample (N=25,463) consists of 14,886 male scientists and 10,577 female scientists
(58.5% and 41.5%, respectively). It contains all scientists full-time employed in the higher
education sector who had at least a single article indexed in the Scopus database in the period
of 2009-2018 and who had at least a doctoral degree. Thus, the sample includes all inter-
nationally visible (through publication type: article) Polish academic scientists. The steps in
defining the sample were as follows: scientists from all public science sectors: 99,935; sci-
entists with doctorates: 70,272; scientists with doctorates and employed in higher education:
54,448, of which scientists with publications of any type in Scopus in 2009-2018: 32,937,
scientists with journal articles only: 25,463, which is our sample.

In terms of the age distribution, about half of them are middle-aged (or in the 40-54 age
bracket; 49.7%), and in terms of academic positions, over half of them are assistant professors
(56.0%). Table 10 shows column percentages, which enable the analysis of the gender distri-
bution by major age groups, academic positions, and disciplines (by type: STEM and non-
STEM, female-dominated and male-dominated), and it shows row percentages, which enable
the analysis of how male and female scientists are distributed according to a given feature.
About half the scientists work in female-dominated disciplines and about half in male-domi-
nated disciplines (49.8% and 50.2%). All assistant professors hold doctoral degrees, all associ-
ate professors hold habilitations, and all full professors hold professorship titles.

Limitations

Our research is affected by a selection bias as a result of the database construction: we select
only internationally visible scientists from higher education institutions, that is, scientists with
Scopus-indexed articles, and we select only scientists with at least doctorates. So our scientists
would come from larger academic centers where international publications are required rather
than from smaller institutions where they are not obligatory in academic careers (except for the
humanities where they are generally not required across the system). Doctorates are generally
required to become part of the academic profession in Poland. There are also five simplifying
assumptions (as in Kwiek & Roszka, 2021b), which are as follows: (1) We examine a dec-
ade of individual publishing output, although the actual publishing period may be shorter for
younger scientists; (2) Scopus-provided journal percentile ranks are deemed stable, although
they may fluctuate over the period studied; (3) we assume that scientists did not change insti-
tutions in the decade studied; (4) we regard scientists who were assistant, associate, and full
professors on the date of reference (November 21, 2017) as keeping these positions for the
decade studied, while these positions are the highest ranks achieved in the study period; and
(5) for the purpose of international comparability in the results, we refer to three categories
of academic positions (assistant, associate, and full professor), although in practice, two Pol-
ish academic degrees (doctorate and habilitation) and a Polish academic title (professorship)
are used. Thus, academic positions are useful proxies for Polish academic degrees and titles.
While the administrative and biographical variables of biological age, academic position,
employment type, and institution were defined as of November 21, 2017, the publication and
citation variables derived from the Scopus database were constructed to show mean values for
the decade of 20092018 (and they may have differed from year to year). Therefore, another
limitation is that the values for 2017 for some variables and the mean values for the decade of
2009-2018 are used in the same analysis.
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Results
Solo research, academic discipline and institutional research intensity by gender
Based on previous literature, we test two hypotheses:

H1 Academic disciplines We expect that female scientists will exhibit lower individual
publishing solo rates than male scientists across all academic disciplines.

H2 Institutional research intensity We expect that female scientists will exhibit higher
individual publishing solo rates than male scientists in research-intensive institutions and
lower individual publishing solo rates than male scientists in institutions less involved in
research.

We use two approaches to individual publishing solo rates: we examine rates by gen-
der for all scientists and for solo scientists only. The individual publishing solo rate is
the fraction of solo articles among all articles within the individual publication portfolio
for a decade of 2009-2018, ranging from 0 to 1 (for no solo articles and all solo arti-
cles in individual publication portfolios, respectively). Solo scientists are scientists with
at least one solo article in their individual publication portfolio in the period studied
(2009-2018); therefore their individual solo publishing rate is higher than 0.

The former approach highlights the distribution of the rate among all scientists by
gender and discipline (left panel in Table 5), the rate being as low as 0.013-0.016 in
BIO (or less than 2% of single-authored publications in an individual publication port-
folio) and as high as 0.50-0.53 in SOC and 0.76 in HUM (or as much as 50-76%),
depending on gender. The latter approach highlights the intensity of publishing solo, or
the individual publishing solo rate only for those scientists who actually ever published
solo, by discipline (right panel in Table 5).

To take a generally high-collaboration discipline of chemistry (CHEM) and a gen-
erally low-collaboration discipline of arts and humanities (HUM), it can be observed
that, in the former, 3.2-3.4% of publications in the individual publication portfolios
of male and female scientists are published solo; in the latter, the percentage is about
76% (Fig. 2, left panel)). However, for solo scientists only, for CHEM, the intensity is
15-16%, and for HUM, it is 92-93% (right panel). In CHEM, solo scientists publish
solo occasionally, compared with HUM, where solo scientists publish almost all their
articles solo. In other words, in HUM, three-quarters of scientists publish solo, and for
those who ever publish solo (in the decade studied), the pattern of solo publishing is
intense: more than 90% of their articles are solo articles.

In purely descriptive terms, female scientists across disciplines publish solo only
slightly less often than men do; however, when they do, they publish solo with higher
intensity in both heavily male-dominated disciplines (e.g., physics and astronomy
(PHYS) with 16.6% of women publishing solo; see the gender distribution of scientists
across 14 male-dominated and 10 female-dominated disciplines in Table 10; earth and
planetary sciences (EARTH), with 33.4% of women publishing solo) and female-dom-
inated disciplines (e.g., pharmacology, toxicology, and pharmaceutics (PHARM), with
66.5% of women publishing solo; medicine (MED), with 53.7% of women publishing
solo). Additionally, 67.3% of males and 72.7% of women had not had a solo article pub-
lished in the decade studied (their individual publishing solo rate was zero).
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Fig.2 Mean individual publishing solo rate (range: 0-1) for all scientists in the sample (left panel) and for
solo scientists only (right panel) by gender and discipline (in descending order). Solo scientists are scien-
tists with at least one solo article in their individual publication portfolio in the period studied (2009-2018)
(N=25,463 scientists)

However, overall, the differences within disciplines by gender are smaller than
expected and statistically insignificant, except for several cases. Interestingly, both for
all scientists combined and for solo scientists combined (Total), differences between
men and women in solo rates are statistically significant; and for the disciplines with
statistically significant differences between men and women (CHEMENG and ENVIR
for all scientists, and CHEMENG, MED, PHARM, CHEM and VET for solo scientists),
the differences are also significant.

At a closer look, the differences are statistically significant but with no practical sig-
nificance (in terms of the effect-size r coefficient, see the last columns in both panels).
As Leech et al., (2015: 196) put it, “a statistically significant result with a small effect
size means that we can be very confident that there is some difference or association,
but it is probably small and may not be practically important”. For all scientists, r for
CHEMENG does not exceed 0.1 which is the boundary value for observing any effect.

@ Springer



Scientometrics

For solo scientists, the effect size is slightly larger (small) and exceeds 0.1 for as many
as eleven domains, with statistically significant differences observed only for PHARM,
VET, CHEMENG, MED, and EARTH. A medium effect size was observed only for
PHARM and VET (due to relatively small sample sizes), while for large domains such as
CHEMENG, MED, and EARTH the effect strength was weak.

In conclusion, while some differences in the propensity to write solo by discipline and
gender are statistically significant, they are marginally important (“practically insignifi-
cant” in Leeches et al.’s terms) for virtually all disciplines. The individual publication port-
folios of men and women are remarkably similar, even allowing for their differences in the
fraction of publishing solo. The results of our complementary analysis of the r coefficient
to assess the effect size of the association between solo rate for male and female scientists
shows that no statistical difference exists between them.

Previous literature indicates differences in publishing solo by institutional type: the
more research focused an institution, the higher the involvement in publishing solo among
faculty (e.g., Vafeas, 2010: 340). Therefore, we test whether the individual solo rate differs
by gender and institutional type. We contrast ten IDUB research-intensive institutions with
75 other research-involved institutions. The ten IDUB institutions are the “Excellence Ini-
tiative—Research University” institutions, which were selected for additional research fund-
ing for the 2020-2026 period. The IDUB institutions include both top Polish universities
and technical universities, and they were the top 10 Polish institutions in terms of total
publications output in 2009-2018 (articles only).

We compare two classes of men and women in two institutional types: all scientists
(upper panel) and solo scientists only (lower panel, Table 6). In terms of institutional
research intensity, gender differences in solo rate proved statistically significant (except for
Rest institutions for solo scientists only). However, an analysis of solo rate for all scientists
shows that the differences are small (0.38 pp. for IDUB institutions and 1.77 pp. for Rest
institutions); in this case, the statistical significance of the differences should be attributed
to large numbers of observations in both subsamples. Indeed, the effect size analysis clearly
indicates that the differences, although statistically significant, are not practically significant
(the last column: r=0.043; for r<0.1, the coefficient interpretation is that there is no effect).

It is the same case with solo scientists only (lower panel): a relatively high gender dif-
ference in solo rate for IDUB solo scientists only (scientists with at least a single solo arti-
cle in their publication portfolio and working in research-intensive institutions) reaches
almost 10 pp. But the size of the effect is small (r=0.117) despite statistical significance
(»<0.001). While the solo rate for all scientists for all institutions combined and for the

Table 6 Mean individual publishing solo rate (range: 0—1) by institutional type and gender: for all scien-
tists in the sample (top panel) and solo scientists only (bottom panel). Solo scientists are scientists with at
least one solo article in their individual publication portfolio in the period studied (2009-2018). The Mann—
Whitney test was used (N=25,463 scientists)

Institutional type Female Male VA p r
All scientists IDUB: research-intensive 0.1540 0.1502 3.920 <0.001 0.043
Rest 0.1211 0.1388 6.311 <0.001 0.048
Total 0.1301 0.1429 8.277 <0.001 0.052
Solo scientists only IDUB: research-intensive 0.5030 0.4093 6.262 <0.001 0.117
Rest 0.4651 0.4549 0.157 0.875 0.002
Total 0.4767 0.4366 3.968 <0.001 0.045
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rest of institutions is higher for men (Total and Rest, Table 6, upper panel), for research-
intensive IDUB institutions, it is higher for women, in accordance with previous literature.
However, the size of the effect is again small, as the effect size analysis indicates. The
intensity of solo publishing (shown through the rate for solo scientists only) is substantially
higher for women in IDUB research-intensive institutions and for women in all institutions
combined. Even though the differences are statistically significant, the effect size is weak.
Neither Hypothesis 1 on differences in the individual solo rate by gender and academic
disciplines nor Hypothesis 2 on differences in the rate by gender and institutional research
intensity found support in our data: although some differences between male and female
scientists are statistically significant, they have none or small practical significance.

Solo research, biological age, and gender

Finally, as part of our two-dimensional analyses, based on previous literature, we test the
following hypothesis:

H3 Biological age We expect that younger male and female scientists will exhibit higher
individual publishing solo rates than older male and female scientists do.

There is a unique variable available for each observation in our study: biological age
(strongly correlated with academic positions, not explored in this paper). We now examine
the individual publishing solo rate by gender and (1) age groups and (2) age in two ver-
sions, as above for all scientists and for solo scientists only. We divided our sample into the
following three age categories: young scientists (under 40), middle-aged scientists (aged
40-54), and older scientists (aged 55 and older); of these, middle-aged scientists form the
largest age group (45.79%). The proportion of men and women is almost equal among
young scientists but women comprise less than 30% of older scientists (see Table 10).

The gender differences in solo publishing patterns by age group are as follows (Table 7):
for all scientists (left panel), the rate for young male scientists is higher than for young
female scientists: they are more involved in solo publishing. The highest level of solo pub-
lishing is noted for middle-aged scientists, for both sexes. Younger scientists have signifi-
cantly lower individual solo publishing rates than middle-aged scientists, and the differ-
ences are higher for women than for men. However, female scientists in all age groups
are more intensely involved in solo publishing (right panel): female solo scientists show
considerably higher rates than male solo scientists do. For instance, for young scientists,
female solo scientists have a rate of 0.485, whereas that for male solo scientists is 0.434;
that is, for female scientists who have ever solo-authored, 48.5% of publications in their
individual publication portfolios are published solo compared with 43.4% for male scien-
tists. For older scientists, the difference is 51.02% versus 44.73%.

However, while all above differences are statistically significant, we test whether the
differences also have practical significance in terms of the effect size r coefficient. The
analysis shows that r indicates no effect for all gender differences and small effect in one
case only: young academics.

A year-by-year approach illustrated by regression lines generally confirms the two simi-
lar trends for both genders (Fig. 3). For all scientists, the generally upward trend in the
individual solo rate between 0.05 and 0.15 for male scientists lasts until the age of 40 and
for female scientists lasts until the age of 55 (see lower lines in both panels). For both
genders, the rate drops for scientists between 60 and 70, in a similar manner. However,
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Fig.3 Mean individual publishing solo rate (range 0-1) by gender and age for all scientists in the sample
(lower lines) and for solo scientists only (upper lines). The regression line was estimated using the method
of local polynomial regression fitting. The gray area represents 95% confidence intervals. Each year of age is
represented by a single dot (a cut-off point of 70 is used). Dots represent mean values (N=25,463 scientists)

the intensity of solo publishing (i.e., the rate for solo scientists only) for female scientists
is equal or higher for each age (see higher lines in both panels); specifically, it is much
higher for young scientists in their 30s. In a specific Polish case, scientists of this age have
just received their doctoral degrees. Solo female scientists in their 30s have a substan-
tially higher share of solo articles in their publication portfolios, the highest difference for
women being in their early 30s. Then, in their 40s, the gender differential in solo publish-
ing intensity is marginal, increasing again for women in their 50s.

The most notable gender differential in solo publishing intensity is for scientists in their
30s and 60s when the rate is higher, in the beginning and at the end of academic careers.
The dots in Fig. 3 represent the median value of the solo rate for each year of age. Our
Hypothesis 3 about gender and biological age did not find support in our data: gender dif-
ferences in the solo rate turn out to have no practical significance.

A modeling approach: a fractional logit regression model
In our multi-dimensional approach, our hypothesis is as follows:

HA4: Solo publication propensity We expect that being a female scientist decreases the
propensity to conduct solo research or the individual publishing solo rate (in fractional
logit regression models).

Finally, we use a regression model for a fractional dependent variable: a fractional logit
regression model (Papke and Woolridge, 1996), designed for variables bounded between O
and 1 (as with our dependent variable: the solo research ratio). The standard practice of using
linear models to examine how a set of explanatory variables influences a given proportion or
fractional response variable is not appropriate here (Ramalho et al., 2011: 19). In this model,
no special data adjustments are needed for the extreme values of O and 1. As our dependent
variable is fractional (ranging from O to 1), we estimate a fractional logit regression model.
We estimate odds ratios for conducting solo research, that is, publishing solo articles. We
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calculate the solo rate as the percentage of solo articles in all the published articles in all the
scientists’ individual publication portfolios. Using partial effects of fractional logistic regres-
sion approach, we estimated the probability of conducting solo research.

In the model, we use both individual-level and organizational-level predictors. Individual-
level predictors are gender, age, academic position (expressed through the proxies of doc-
torate, habilitation, and professorship), dominant ASJC discipline (STEM or non-STEM),
average journal prestige rate in a scientist’s individual publication portfolio (range, 0-99),
average individual productivity in the study period (average number of articles per year, full
counting method used), international collaboration rate (in the individual publication portfo-
lio), average team size (mean value of number of collaborators per article in all articles from
the study period), and publishing in a male-dominated discipline (male-dominated or female-
dominated). The only organizational-level predictor used in the models is highly research-
intensive (10 IDUB higher education institutions and the remaining 75 institutions).

We have estimated four models for four distinct populations for all academic ranks
(N=24,467) and separately for the three ranks (for full professors, N=3508; associate profes-
sors, N="7122; and for assistant professors, N=13,837). The selected predictors of the indi-
vidual publishing solo rate in the estimated models explain a very high percentage of the var-
iability of the dependent variable, from 77.5% in the model for associate professors to 82.3%
in the model describing relationships in the population of full professors (Table 8). At the
same time, it is worth noting that gender does not explain the rate’s variability in any of the
models (at the significance level a=0.05). The strongest predictor for each population stud-
ied was the average team size. An increase in the value of this variable by one author resulted
in an average decrease in the rate by 8—11 percentage points (pp) (all other things held con-
stant), depending on the model, which is an order of magnitude higher than other predicators.
In addition, in each analyzed population, publishing in STEM fields negatively affects the
propensity to publish solo by 3—4 pp on average. The occurrence of collinearity was checked
by analyzing the values lying on the main diagonal of the inverted correlation matrix of inde-
pendent variables. The empirical range of variability of these values ranged from 1 to 2 (see
the variance inflation factor, the VIF column in Table 8: VIF provides an index that measures
how much the variance of an estimated regression coefficient is increased because of collin-
earity), which indicates a negligible correlation of independent features.

Although gender is not a significant predictor of the rate, publishing in (quantitatively)
male-dominated disciplines has a significant and positive impact on the variable, explained
by 1-3 percentage points. An inverse relationship of similar strength can be observed in
the influence of the international collaboration rate an increase of this variable by 1 unit
results in an average individual publishing solo rate decrease of 1-4 pp, although it should
be noted that, in the case of assistant professors, the influence of this predictor is not sig-
nificantly different from zero. The influence of similar strength also occurs in the case of
working in research-intensive institutions this results in an average individual publishing
solo rate increase of slightly more than 1 pp, but in the case of full professors, the influence
of this predictor is not statistically significant.

The average number of articles within a decade in the case of all populations has a sig-
nificantly positive influence. An increase in the average number of articles by 1 causes an
average rate increase of only 0.3-0.5 pp. Large productivity, however, can have a signifi-
cant impact on the rate, as writing 100 articles in a decade results in an average increase
of 30-50 pp. Definitely the weakest impact can be observed for age and average prestige.
Both variables have a negative impact on the rate. Increase of average prestige by 1 unit
causes average (in each population significant) rate decrease by 0.03 (assistant professors)
to 0.09 (associate professors). In the case of age, this decrease is slightly smaller, from
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Table 8 Four models

Estimate SE t Value Pr(>It) VIF

Model 1. Scientists: All Ranks, N=24,467. R*: 0.786

Male 0.0009 0.0019 0.441 0.659 1.131
Age —0.0002 0.0001 —2.037 0.042 2.086
Average prestige —0.0005 0.0001 —7.849 <0.001 1.245
Productivity in the study period 0.0048 0.0008 5.937 <0.001 1.206
International collaboration rate —0.0143 0.0052 —2.753 0.006 1.208
Publishing in a male-dominated discipl 0.0195 0.0029 6.678 <0.001 1.242
Average team size —0.1061 0.0021 —49.485 <0.001 1.294
Full professor 0.0007 0.0037 0.196 0.844 2.121
Associate professor 0.0256 0.0022 11.725 <0.001 1.403
IDUB 0.0121 0.0018 6.591 <0.001 1.053
STEM —0.0357 0.0029 —12.310 <0.001 1.120
Model 2. Full Professors, N=3508. R?: 0.823

Male 0.0040 0.0055 0.730 0.466 1.077
Age —0.0009 0.0003 —3.231 0.001 1.092
Average prestige —0.0007 0.0002 —4.690 <0.001 1.292
Productivity in the study period 0.0036 0.0015 2.320 0.020 1.207
International collaboration rate —-0.0261 0.0107 —2.451 0.014 1.290
Publishing in a male-dominated discipl 0.0234 0.0072 3.241 0.001 1.254
Average team size —0.0807 0.0047 —17.289 <0.001 1.266
IDUB 0.0050 0.0040 1.250 0.211 1.075
STEM —0.0457 0.0066 -6.918 <0.001 1.190
Model 3. Associate Professors, N=7122. R%:0.775

Male —0.0072 0.0039 —1.831 0.067 1.082
Age —0.0015 0.0002 —6.803 <0.001 1.121
Average prestige —0.0009 0.0001 -6.294 <0.001 1.282
Productivity in the study period 0.0062 0.0024 2.519 0.012 1.252
International collaboration rate —0.0422 0.0111 —3.813 <0.001 1.201
Publishing in a male-dominated discipl 0.0359 0.0063 5.724 <0.001 1.243
Average team size —-0.1125 0.0050 —22.447 <0.001 1.325
IDUB 0.0116 0.0037 3.086 0.002 1.053
STEM —0.0409 0.0058 -7.112 <0.001 1.127
Model 4. Assistant Professors, N=13,837. R?: 0.791

Male 0.0039 0.0024 1.639 0.101 1.119
Age 0.0007 0.0001 4.723 <0.001 1.150
Average prestige —0.0003 0.0001 —3.998 <0.001 1.221
Productivity in the study period 0.0053 0.0011 5.013 <0.001 1.186
International collaboration rate 0.0023 0.0068 0.338 0.735 1.193
Publishing in a male-dominated discipl 0.0130 0.0035 3.701 <0.001 1.261
Average team size —0.1082 0.0025 —43.772 <0.001 1.299
IDUB 0.0130 0.0024 5.529 <0.001 1.050
STEM —0.0287 0.0036 —8.041 <0.001 1.114
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0.02 (all scientists) to 0.15 (associate professors). The exception is assistant professors, for
whom age is a positive predictor and causes an average rate increase of 0.07 pp with each
completed year of life.

The interval estimation of model parameters indicates overlapping of estimation values
for all variables and all models except the team size variable from the model for full profes-
sors. In this model, the size of the team has a significantly stronger impact than in the other
models (Fig. 4). This means that the academic position does not significantly affect the
rate. This is indicated by the estimates of Model 1 (for all scientists), where the position of
full professor does not affect the rate at all, while for associate professor, although its influ-
ence is significantly different from zero, its strength is relatively small. In the case of age,
it plays a positive (although weak) role for assistant professors, which can be explained
by the willingness to gain independent output enabling promotion. A certain difference
can also be mentioned in Model 3 (for associate professors) for the average international
collaboration variable, where the position of associate professor is characterized by a sig-
nificantly weaker influence on the rate than in Models 1 and 2 but almost entirely overlaps
with the interval estimate for Model 4.

The analysis of residual components of the models shows that their distribution does not
follow the normal distribution (see K-S test results in Table 9). However, distributions of the
residuals are characterized by relatively small variability (they are strongly concentrated at
zero value, see kurtosis values); there are numerous extreme values among them, but they
do not significantly influence the distributions of residuals since the skewness values are
close to 0. The number of values exceeding the extremes that is, not belonging to the range
of <— 3,3> (which in the analysis of the residuals of regression models mean typical values
based on the three-sigmas rule) is relatively small and oscillates between 1.23 (for assistant
professors) and 2.65% (for full professors; see the outliers percentage in Table 9).

[# All® Assistant P. & Associate P. & Full P.|

Male Age Prestige Avg. productivity Avg. int. coll.
0.001 0.0000
0.01
-0.0003
0.00 -0.0006
-0.001
-0.01 I -0.0009
] -0.002
§ Male-dom. disc. Team size 0.020 IDUB STEM
0.05 0000— 0 0.00
0.04 -0.025 0015
-0.02
003 -0.050 0.010

-0.125

0.02 I -0.075 . 0.005
0.01 -0.100
0.00———mm -0.06

Fig.4 Confidence intervals range for models’ parameters comparison of four models, all variables
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Table 9 Residuals statistics

All Assistant Professor Associate Professor Full Professor
Minimum —4.291 —5.346 —4.085 -5.502
1st Quarter -0.215 -0.178 -0.302 -0.157
Median -0.013 —0.008 -0.024 -0.010
Mean 0.000 0.000 0.000 0.000
3rd Quarter 0.000 0.000 0.321 0.000
Maximum 6.481 5.674 5.009 7.644
Skewness 0.043 0.142 -0.209 0.193
Curtosis 2.839 2.716 2.247 7.385
K-S test statistic 0.254 0.289 0.180 0.286
p-value <0.001 <0.001 <0.001 <0.001

Summary of findings, discussion, and conclusions

Solo research is a result of voluntarily made individual authorship decisions. Choosing solo
research is as consequential for academic careers as choosing same-sex or mixed-sex collabo-
rations, or choosing institutional, national, and international collaborations. Individual author-
ship decisions accumulate over time, accompanying academic careers. While it is known that
authorship decisions need to be “intelligent” (Vafeas, 2010: 333) and “strategic” (Jeong et al.,
2011: 968), men’s decisions differ from women’ decisions in different institutional types, dis-
ciplines, and national systems. Women have often been reported to be underrepresented as
solo publishers (Sarsons et al., 2020; Walker, 2019; West et al., 2013). This research is the
first to comprehensively study the gender solo research gap in the context of prior literature on
solo research and solo research and gender within a large national higher education system: we
examined the gap through “individual publication portfolios” constructed for each internation-
ally visible Polish university professor (N=25,463, all assistant, associate, and full professors,
and their 158,743 articles published in 20092018, including 18,900 solo articles). The popu-
lation examined includes all university professors with at least a doctoral degree and with at
least a single Scopus-indexed publication: from a slightly exclusionary, international perspec-
tive, we studied the whole research-active Polish academic profession.

Solo research is a special case of academic publishing where scientists, on the one
hand, compete individually in the academic marketplace of ideas, taking full responsi-
bility and full risk for publications’ errors (Hudson, 1996; Kuld and O’Hagan, 2018),
and on the other, where there is no ambiguity in credit allocation, and credits unam-
biguously go to the single author, sending clear signals about their research ability and
independence (Barlow et al., 2017; Sarsons, 2017; Sarsons et al., 2020). Solo research
has been expected to disappear for half a century (Price, 1963), but for many reasons,
it continues to exist (West et al., 2013). In this paper, we examined “the gender solo
research gap,” existing alongside many other input-related gender gaps (e.g., the gender
mobility or the gender international collaboration gaps) and output-related gender gaps
in science (e.g., the gender tenure or the gender salary gap).

Our focus was on gender differences in solo research from a macro-level perspective of a
single national higher education system: in our unique biographical, administrative, publica-
tion, and citation database (‘“Polish Science Observatory”), we have metadata on all scien-
tists and on all their Scopus-indexed publications, including solo publications, in all academic
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disciplines. Our focus was on how male and female scientists of various disciplines and bio-
logical ages, employed in different institutional types make use of solo publishing.

Somehow surprisingly in the context of previous literature, while differences between
male and female scientists in the individual publishing solo rate were in several cases
statistically significant, they turned out to have no practical significance. We used the
practical significance/statistical significance difference in our study, based on the effect-
size r coefficient, following Leech et al. (2015: 196) comments that “a statistically sig-
nificant result with a small effect size means that we can be very confident that there
is some difference or association, but it is probably small and may not be practically
important”. This is exactly the Polish case.

Across all disciplines, the individual publishing solo rate (or the share of solo articles
in all articles published by a scientist and ranging from O to 1) was slightly higher for
men than it was for women, and it was higher for men in most male-dominated disci-
plines. However, female scientists showed higher intensity of publishing solo (the rate
for solo scientists only, or scientists with at least one solo paper in their individual pub-
lication portfolio) than male scientists did. The differences in the rate within disciplines
by gender and between male-dominated and female-dominated disciplines by gender
were much smaller than expected from previous literature. Cross-gender differences
were actually more visible in the intensity of solo publishing by discipline than in indi-
vidual publishing solo rates.

Previous literature indicated that the more research-focused an institution was, the
higher involvement in publishing solo the scientist would have (e.g., Vafeas, 2010: 340).
We contrasted the 10 research-intensive institutions involved in the Polish Excellence Ini-
tiative (IDUB) with 75 other institutions and found that the individual publishing solo rate
for women in research-intensive institutions was higher than the rate for them elsewhere in
the system. In research-intensive institutions, the intensity of solo publishing for women
was substantially higher than it was for men by 10 percentage points, which was in accord-
ance with previous literature. These gender differences were indeed statistically significant
but their practical significance was marginal.

We hypothesized that younger scientists would publish solo articles significantly more
often than older scientists would. However, surprisingly in the context of previous findings,
the hypothesis found no support in our data. We examined the individual solo publish-
ing rate by gender and age. Younger scientists had significantly lower individual solo pub-
lishing rates than middle-aged scientists did, and the differences between age groups were
higher for women than for men. The rate for young male scientists was higher than that for
young female scientists, again in line with previous studies.

However, the only gender difference in the solo rate with practical significance was
between men and women under 40. The year-by-year approach confirmed similar trends for
both genders. The intensity of solo publishing for female scientists (or the solo rate for sci-
entists who ever published solo articles) was at least equal for each age; specifically, it was
much higher for young female scientists under 40. Female solo scientists in their 30s emerged
with a substantially higher share of solo articles in their publication portfolios: i.e. female
scientists already involved in solo research were involved in solo research more intensively.

Finally, we used a multidimensional approach and our expectation was that being a
female scientist would decrease the propensity to conduct solo research (we used a frac-
tional logit regression model). Using a partial effects of fractional logistic regression
approach, we estimated the probability of conducting solo research. The selected predictors
of the individual publishing solo rate in the estimated models explained a high percent-
age of the variability of the dependent variable, from 77.5% in the model for associate
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professors to 82.3% in the model describing relationships in the population of full pro-
fessors. However, most importantly, in none of the models did gender explain the vari-
ability of the rate. The strongest predictor was the average team size, that is, the number
of co-authors. Publishing in STEM fields negatively affected the rate, publishing in male-
dominated disciplines positively affected it, and the influence of international collaboration
was negative. Finally, working in research-intensive universities resulted in an average rate
increase of slightly more than 1 pp for all faculty except full professors.

In short, the gender solo research gap that emerges from our research is clearly much
weaker than expected: within a more general trend in Polish science away from solo research
and toward team research and away from national research and toward international research
(Kwiek, 2020), gender differences in solo publishing seem to be less relevant than initially
assumed based on the research literature. The larger context of the dominating team research
in science overshadows the smaller context of gender differences in solo publishing. Our
expectations of young female scientists conducting considerably less solo research than
male scientists were not confirmed; there exists a gender solo research gap in Poland, but
it is not wide and gender differences in solo publishing are of limited practical significance.

While research by Vafeas (2010) and Kuld and O’Hagan (2018) indicated a much higher
role of solo research for young scientists in general, irrespective of their gender, our research
does not confirm these findings in the Polish case: the highest share of solo research for both
genders is noted for middle-aged scientists (40—-54). Surprisingly, a bigger gender difference
was noted in solo research intensity, not studied in previous literature, operationalized as the
share of single-authored publications among all publications within individual publication
portfolios of scientists with any solo research. Those women who are solo scientists use this
mode of publishing more intensively than male solo scientists do (especially while finishing
or just after their doctoral dissertations at the age of around 30-35).

Further research could include two new dimensions: a historical and a global one. A new
research question could be how the changing shares of solo research in individual publication
portfolios by gender evolve over time in Poland and evolve globally. Specifically, we could ask
whether the changes in the individual solo publishing rates over time and from a cross-country
perspective are similar for both male and female scientists and whether the gender solo research
gap is widening or closing in individual disciplines. Our current ‘“Polish Science Observatory”
database includes publications from the decade of 20092018, and the rate from this period
could be compared with rates in the previous decades (e.g., the 2000s and 1990s) to exam-
ine the temporal dynamics of changing publishing patterns. The same temporal limitation to
a single decade pertains to our parallel “OECD Science Observatory” database of all (gender-
defined) scientists and all (gender-classified) articles indexed in Scopus from 1674 research-
involved institutions in 38 OECD economies from the same period; in addition, in this possible
cross-national comparative study, biological age would need to be replaced with the academic
age, or the time that has passed since the first publication (as in Kuld & O’Hagan, 2018; Rob-
inson-Garcia et al., 2020). On top of this, certainly, academic careers and the gender gaps that
accompany them can be more meaningfully studied if publication and citation data are com-
bined not only with administrative and biographical data, as in this research, but also with large-
scale surveys of the academic profession which we are planning to conduct.

Appendix

See Tables 10 and 11.
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Table 10 Structure of the sample, all Polish internationally visible university professors, by gender, age
group, academic position, and discipline (by discipline type: STEM and non-STEM, female-dominated
and male-dominated), presented with column and row percentages (young scientists: aged 39 years and
younger; middle-aged: aged 40-54 years; and older, aged 55 and more)

Female Male Total

N % Col % Row N % Col % Row N % Col % Row
Age group
Young 3128 29.6 49.4 3199 21.5 50.6 6327 24.8 100.0
Middle-aged 5584 52.8 44.1 7074 47.5 559 12,658 49.7 100.0
Older 1865 17.6 28.8 4613 31.0 712 6478 254 100.0
Total 10,577 100.0 41.5 14,886 100.0 58.5 25,463 100.0 100.0
Academic position
Assistant prof 6851 64.8 48.0 7420 49.8 52.0 14,271 56.0 100.0
Asssoc. prof 2822 26.7 38.0 4596 30.9 62.0 7418 29.1 100.0
Full professor 904 8.5 24.0 2870 19.3 76.0 3774 14.8 100.0
Total 10,577 100.0 41.5 14,886 100.0 58.5 25,463 100.0 100.0
Discipline (ASJC)—STEM
AGRI 1444 13.7 53.4 1258 8.5 46.6 2702 10.6 100.0
BIO 1068 10.1 60.0 712 4.8 40.0 1780 7.0 100.0
CHEM 756 7.1 51.3 719 4.8 48.7 1475 5.8 100.0
CHEMENG 185 1.7 38.5 296 2.0 61.5 481 1.9 100.0
COMP 170 1.6 16.5 860 5.8 83.5 1030 4.0 100.0
DEC 24 0.2 44.4 30 0.2 55.6 54 0.2 100.0
EARTH 385 3.6 334 769 52 66.6 1154 45 100.0
ENER 82 0.8 27.8 213 1.4 72.2 295 12 100.0
ENG 501 4.7 14.9 2857 19.2 85.1 3358 13.2 100.0
ENVIR 848 8.0 50.5 832 5.6 49.5 1680 6.6 100.0
IMMU 90 0.9 75.6 29 0.2 24.4 119 0.5 100.0
MATER 495 4.7 339 967 6.5 66.1 1462 5.7 100.0
MATH 259 2.4 25.2 767 52 74.8 1026 4.0 100.0
PHARM 169 1.6 66.5 85 0.6 335 254 1.0 100.0
PHYS 182 1.7 16.6 916 6.2 83.4 1098 4.3 100.0
Discipline (ASJC)—non-STEM
BUS 372 35 52.1 342 23 479 714 2.8 100.0
DENT 57 0.5 76.0 18 0.1 24.0 75 0.3 100.0
ECON 186 1.8 49.1 193 1.3 50.9 379 1.5 100.0
HEALTH 23 0.2 343 44 0.3 65.7 67 0.3 100.0
HUM 527 5.0 49.8 531 3.6 50.2 1058 42 100.0
MED 1920 18.2 53.7 1654 11.1 46.3 3574 14.0 100.0
PSYCH 194 1.8 63.8 110 0.7 36.2 304 1.2 100.0
socC 494 4.7 49.8 498 33 50.2 992 39 100.0
VET 146 1.4 44.0 186 1.2 56.0 332 1.3 100.0
Total 10,577 100.0 41.5 14,886 100.0 58.5 25,463 100.0 100.0
Gender domination in discipline
Female-dom 6918 65.4 54.6 5759 38.7 454 12,677 49.8 100.0
Male-dom 3659 34.6 28.6 9127 61.3 71.4 12,786 50.2 100.0
Total 10,577 100.0 41.5 14,886 100.0 58.5 25,463 100.0 100.0
Mean publication prestige (percentile)
<0,30) 777 7.3 48.7 817 55 51.3 1594 6.3 100.0
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Table 10 (continued)

Female Male Total

N % Col % Row N % Col % Row N % Col % Row
<30,40) 388 8.4 413 1262 8.5 58.7 2150 8.4 100.0
<40,50) 1432 135 39.7 2171 14.6 60.3 3603 14.1 100.0
<50,60) 2778 26.3 40.8 4023 27.0 59.2 6801 26.7 100.0
<60,70) 2573 24.3 40.8 3728 25.0 59.2 6301 24.7 100.0
<70,80) 1691 16.0 434 2202 14.8 56.6 3893 153 100.0
<80,90) 373 35 39.4 573 3.8 60.6 946 3.7 100.0
<90,100) 65 0.6 37.1 110 0.7 62.9 175 0.7 100.0
Total 10,577 100.0 41.5 14,886 100.0 58.5 25,463 100.0 100.0

Table 11 Changes of the mean individual publishing solo rate (range:

2018), all scientists in the sample (N=25,463 scientists)

0-1) by discipline over time (2009—

Discipline 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

AGRI 0.0848 0.0822 0.0655 0.0532 0.0514 0.0380 0.0201 0.0305 0.0235 0.0218
BIO 0.0140 0.0154 0.0162 0.0124 0.0127 0.0105 0.0094 0.0075 0.0078 0.0063
BUS 0.4615 0.3490 0.3070 0.3509 0.3171 0.3018 0.2435 0.2279 0.2174 0.2154
CHEM 0.0409 0.0432 0.0379 0.0327 0.0339 0.0243 0.0253 0.0278 0.0248 0.0224
CHEMENG 0.0790 0.1237 0.0977 0.0973 0.0588 0.0746 0.0629 0.0401 0.0677 0.0644
COMP 0.1670 0.1577 0.1518 0.1684 0.1319 0.1517 0.1145 0.1307 0.1141 0.1201
DEC 0.4286 0.5000 0.2000 0.5000 0.5741 0.6818 0.3125 0.3261 0.3913 0.2059
EARTH 0.1770 0.1930 0.1790 0.1507 0.1436 0.1135 0.1226 0.1309 0.0994 0.0826
ECON 0.4483 0.4434 0.4353 0.3284 0.3903 0.3795 0.2789 0.2770 0.2510 0.2719
ENER 0.1481 0.1828 0.2368 0.1873 0.1167 0.1156 0.1411 0.1270 0.1343 0.1287
ENG 0.1951 0.2041 0.1788 0.1812 0.1539 0.1612 0.1225 0.1206 0.1100 0.0993
ENVIR 0.0981 0.0901 0.0886 0.1019 0.0846 0.0674 0.0445 0.0517 0.0470 0.0462
HEALTH 0.1333  0.1250 0.0833 0.0333 0.0690 0.0549 0.0926 0.1609 0.0373 0.0575
HUM 0.7880 0.8108 0.8018 0.7210 0.7399 0.6773 0.7577 0.7082 0.7660 0.6131
IMMU 0.0094 0.0051 0.0258 0.0152 0.0163 0.0238 0.0127 0.0086 0.0171 0.0000
MATER 0.0620 0.0468 0.0578 0.0604 0.0657 0.0517 0.0367 0.0338 0.0399 0.0409
MATH 0.3201 0.2646 0.2760 0.2628 0.2711 0.2462 0.2480 0.2245 0.2071 0.1685
MED 0.0155 0.0158 0.0151 0.0168 0.0138 0.0144 0.0137 0.0125 0.0089 0.0090
NURS 0.0000 0.0000 0.0000 n.a 0.0000 0.1667 0.0000 0.4000 0.0000 0.0000
PHARM 0.0228 0.0131 0.0240 0.0147 0.0069 0.0064 0.0036 0.0019 0.0028 0.0070
PHYS 0.0768 0.0680 0.0914 0.0606 0.0575 0.0551 0.0549 0.0461 0.0497 0.0453
PSYCH 0.2551 0.2969 0.1534 0.1563 0.0936 0.2108 0.1056 0.1511 0.1069 0.1177
SOC 0.6740 0.5994 0.6656 0.4827 0.5611 0.4729 0.3934 0.4278 0.3179 0.3725
VET 0.0202 0.0266 0.0135 0.0265 0.0147 0.0133 0.0140 0.0045 0.0031 0.0033
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