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Abstract

We leverage the Scopus bibliometric database of metadata on 33 million publications from 1996 to
2020 to assess recent trends in representation of women among published scholars. We estimated that
the Gender Parity Index (number of female scholars per male scholar) increased significantly until around
2011. However, since then the trend towards higher representation of women has stagnated across the
large majority of countries worldwide. Our projections indicate that, if current trends persist, gender gaps
are likely to increase or to stabilize over the next decade. We identified three demographic determinants
of observed trends. First, the rate at which women enter academia has decreased, relative to men; second,
the rate at which women exit academia, relative to men, has been fairly stable over time; third, even
within a context of enhancement of gender parity in academia, the career length of female scholars has

not notably increased.



Introduction

Gender equality in science is vital to the production of innovative and impactful research (1). However, despite
important progress and policy efforts, unequal representation of gender persists in science (2—5). Women face
disadvantages in various domains of their academic career, including career duration, professional mobility,
and opportunities for leadership (6).

Gender equality in science has been studied using a wide range of dimensions and measurements (4, 6).
A key concept used in the literature, gender parity, is defined as the representation of women in the scientific
workforce and is measured using indicators such as the percentage of women, the Gender Parity Index (GPI)
(7). Analyzing the population of published scholars through demographic lenses helps us understand the
drivers of gender parity, as well as the likely future trajectories if recent patterns continue (6-9). In this
article, we focus on three key demographic components of population dynamics, namely ‘birth’, ‘death’ and
‘migration’, to study gender parity in the scientific workforce. In our framework, birth can be thought of as
the entry into the pool of publishing scholars; death can be thought of as the exit from this academic pool
or the end of a publication career; and migration can be thought of as the movement of scholars from one
country to another one, traced through change in their institutional affiliations. Recent research has shown
that while the percentage of female scholars entering academia has been increasing over the last decades
(7, 10, 11), their rate of retention in academia remains lower and they often struggle to achieve leadership
positions (12, 13). Furthermore, female scholars on average migrate less than their male counterparts (14),
thus missing out on the career boost that comes with scholarly mobility (15).

While previous studies at the intersection of demography and science of science have yielded valuable
insights into the issue of gender parity, these analyses have mostly focused on individual components such as
entry (4), exit (12, 16) or migration (14 ). Examining all these factors in tandem is crucial to provide a full
picture of the determinants of gender representation of women in science, and to unveil their relationships. In
this article, we first describe the past and current landscape of global gender parity through comprehensive
country-specific GPI assessments of the scientific workforce from 2001 to 2015. Second, we utilize past trends
of entry, exit and migration rates from 2001-2015 to project gender differences in the growth rate of the
scientific workforce across countries. Lastly, we estimate differences in career duration for female and male
scholars at a country scale from 2001 to 2015. By applying core demographic concepts to understand the
population dynamics of scholars, we aim to provide a more nuanced and comprehensive picture of gender
parity in the global science community. Based on suggested current and projected future gender disparity of
scholars who enter, leave the academia or are internationally mobile, policymakers can develop more informed

and accurate organizational or national science policies to address the issue (6, 8).

Materials and Methods

Data

We used the Scopus bibliometric database on 33 million publications from 1996 to 2020. Previous studies (17,
18) have shown that Scopus is one of the index and citation databases with the largest coverage of English
and non-English publications in scientific journals. In addition, it offers a scholar identification number that
according to Baas et al. (18) identifies all publications of a single author in 94.4% of cases (recall) and has
a precision rate of 98.1%, which means that the records of two different authors could be merged under one

id in only 1.9% of the cases. The correct identification of an author is crucial for studies such as ours that



construct a scholar’s publication trajectory to study entry, exit and migration.

We transformed the publication records into individual scholar activity, in order to ascertain gender
information and build career trajectories for each scholar. These career trajectories laid the foundation for a
demographic framework incorporating birth i.e., entry, death i.e., exit, and migration. A scholar ‘enters’ the
publication phase in the year of their first publication, and ‘exits’ the publication phase in the year of their
last publication. For the purposes of this study, this set of publishing scholars in Scopus-indexed journals
represents the global scientific workforce.

Next, we incorporated residence and migration information into scholar career trajectories, furthering our
global demographic perspective (14, 19, 20). Scopus data identify the affiliated organization of each scholar
of a publication, which allowed us to infer the country of residence of scholars. When a scholar is affiliated
with organizations in multiple countries for the same year, we estimated the scholar’s country of residence
for that year as the country of affiliation with most publications during that year for the author. Finally,
we incorporated gender information of each scholar predicted using their first name. More specifically we
utilized the data and approaches developed by Zhao et al. (14).

Two censoring issues arise in constructing scholar activities using their publication activity. First, for
entry, it was not always possible to distinguish a scholar’s actual entry into the workforce from entry into
the Scopus database. For example, if a scholar published in 1995 and in 1997, we would only observe the
publication in 1997, as the first year of our database was 1996. To limit this potential error related to entry,
any information from scholars whose first publication was before 2001 were excluded from the analysis (i.e.,
left-truncation). Second, for exit, we could not determine if a scholar was preparing for their next publication
or exited academia for those whose last publication was after 2015. Therefore, these scholars were classified
as right-censored for their activity after 2015. (See Supplementary Materials 1 for additional analysis on the
choice of 5-year period.) In addition, we excluded all information from scholars entered publishing pool after

2015 (i.e., right-truncation) as we could not ascertain their exit status after this year.

Demographic Indicators

Gender Parity Index (GPI). GPI for each country and year was calculated using the definition of the

United Nations and commonly used in previous literature (7):

Number of female scholars, ¢

GPIC,t = (1)

Number of male scholars, ¢

Here GPI,.; represents the number of female scholars per one male scholar in country c in year t. The
GPI value can lie anywhere over or at 0, where 1 represents parity between male and female scholars.
Population Growth Rate. Using entry, exit and migration information of individual scholars, we

calculated population growth rates from 2001-2015 using the following formula (271):

Population Growth Rate,, , = Entry Rate,, , — Exit Rate, s, + Net Migration Rate, , , (2)

where
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Here, Population Growth Rate refers to population growth rate for country ¢, year ¢t and gender g;

cl,g
B+, refers to number of scholars identified as gender g whose first publication was in year ¢ and their
primary affiliation was country ¢; D, 4 refers to the number of scholars identified as gender g whose last

publication in the data was year ¢ with primary affiliation in country ¢; In Migration indicates the number

ct,g
of scholars identified as gender g whose primary affiliation changed to country c in year ¢; Out Migration

e,
indicates the number of scholars identified as gender g whose primary affiliation changed from country c ili
year t; P, 4 indicates total number of scholars with an identified gender g for a country c in year ¢.

Population Grwoth Rate Difference. Our primary indicator of interest was female to male difference
in population growth rate (Rate Difference. ;) calculated as following:

Rate Difference. ; = Population Growth Rate — Population Growth Rate, ; ,,,q1¢ (4)

c,t,female

We chose this as our primary indicator because the difference in growth rates over time captures progress
towards gender parity in each country. For instance, a positive rate difference indicates that the female
scholar population is growing at a faster rate than the male scholar population, thus progressing towards
gender parity.

This indicator has multiple advantages in addressing potential unadjusted measurement errors in the
data. For instance, Scopus covered more journals over time during our observation period. While the process
of new journal inclusion to Scopus is expected to retrospectively include all publications in the journal prior
to joining, subsequent validation with other sources is not possible. In addition, Scopus applies a scholar
disambiguation algorithm (18) to determine the number of distinct scholars from the pool of scholars with
that same name. Yet, whether this process has a differential impact over time and gender is unknown. Using
female to male difference could reduce such potential of measurement errors stemming from original data,

while capturing progress towards gender parity among publishing scholars.

Demographic Projection

To understand future dynamics of gender parity among actively publishing scholars, we projected female to
male difference in rate of population growth. The difference in population growth rate was projected using

a random walk with drift as shown in the following equation:

Rate Difference.; = Rate Difference. ;1 + p + €;, where

e ~ N(0,07) )

Here, p is the average period-to-period change in the time period considered. We first estimated parame-
ters using past data (i.e., period from 2001-2015). We then projected the future trends in difference in growth
rate for years 2016 to 2040.



In order to address any potential unadjusted measurement error that has differential impact on time,
we combined projections from the same model specification over different observation periods. That is, we
iterated the projection process using 10 different lengths of observation period (2001-2015, 2002-2015, ...,
2010-2015). This approach is often adopted in mortality forecasting to average the effect of the fitting period
on the resulting forecasts (22). Based on combined trajectories of projections, we calculated median, 80%

and 95% prediction intervals of projected female to male difference in population growth rates.

Survival Analysis

The duration between the year of entry and the year of last observation, either right-censored or exited,
was used to calculate the cumulative survival probability for cohorts that entered the publishing scholars
pool between 2001 and 2005, 2006 and 2010, and 2011 and 2015. Considering the features of our data and
population, we categorized migration events and the last publication after 2015 as right-censoring events.
First, if a scholar moved out of a country, they were marked as right-censored in the year they migrated from
their original country. Second, scholars with their last publication after 2015 were marked as right-censored,
allowing a 5-year period of inactivity instead of labeling those scholars as having exited the population.
Cumulative survival probability was calculated using a Kaplan-Meier estimator to estimate survival prob-
ability by gender (23). For each gender g in country ¢, survival probability at year ¢ from their entry was
estimated using the following equation:
~ d;
Seg(t) =it <t (1 — —) (6)
n;
Here, S, 4(t) refers to cumulative survival probability of gender g in country c at time ¢. d; and n; refer
to the number of scholars exited at time ¢ = ¢; and the number of scholars included in the publishing pool
at time t = ¢;, respectively. This analysis was conducted using ‘survival’ package in R (24). R Version 4.2.3

was used throughout the analysis of this study (25).

Results

Our data span more than 190 countries and over 6.5 million scholars worldwide. However, the 20 largest
countries, by scholar count, cover 87% (N = 5.7 million) of the global population of scholars. In this section,
we present the results for these 20 largest countries. Estimates for all other countries are provided in the
public data repository and replicability materials for this article. It should be noted, though, that for some
countries with only a small number of scholars, the stochasticity of the estimates may be substantial.

For demographic projection and survival analysis, we focused on scholars who entered the the publishing
pool between 2001 and 2015. For this group, among those with gender information available and affiliated
with the largest 20 countries, we identified a total of 3,490,803 scholars. Of these scholars, 2,174,843 (62.3%)
were classified as male and 1,315,960 (37.7%) as female. For illustrative purposes, the figures in the main
article highlight four countries i.e., Brazil, Germany, Japan, and the United States, selected across four
different areas of the world. Corresponding figures are provided in the Supplementary Materials 2-4 for 20
countries with the largest population of publishing scholars.

Overall, the gathered evidence points to an initial improvement in the representation of women among
actively publishing scholars. This stems from higher population growth rates for female scholars as compared

to their male counterparts for most countries during our period of study. There were important differences



across countries in both the levels of improvement observed, and the levels required to achieve gender parity.
Yet, for most countries, in recent years we also find a gradual decrease and stagnation of this improvement.
Our forecasts indicate that a continuation of this trend will eventually lead to slower growth of women, as
compared to men, in the near future, driving us away from the often stated goal of gender parity.

The pace of improvement in the GPI has slowed down dramatically in recent years. Figure
1 shows the GPI from 2001 to 2015. For most countries, the GPI increased steadily over time between 2001
and 2011. Starting from around 0.386 in 2001, the index for the 20 largest countries combined reached 0.528
in 2011. However, it is worth noting that the increase of gender parity has been less pronounced after 2011,
as indicated by a lower rate of increase. From 2011 to 2015, the increase in GPI was 0.016, more than four
times lower than a 0.074 increase between 2007 to 2011.

Brazil tended to maintain the highest gender parity across countries, starting from a relatively high level
of 0.648 in 2001. Brazil also experienced a higher increase of gender parity as compared to other countries,
reaching 0.931 in 2011. As with other countries, however, this increase has flattened out since 2012. In
contrast to Brazil, Germany stood out as a country with relatively low GPI. Starting from 0.272 in 2001,
Germany has caught up slightly with the other largest 20 countries, and reached 0.450 in 2011. In the United
States, the country with the highest number of scholars included in the Scopus data, GPI increased from
0.417 in 2001 to 0.576 in 2011. Japan exhibited one of the lowest levels of gender parity. In 2001, GPI in
Japan was 0.163, and it experienced a modest increase to 0.233 by 2011, followed by a decline to 0.225 in
2015. This implies that the representation of female scholars in Japan was approximately half that of the
United States.
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Fig. 1: Gender Parity Index (number of female scholars per male scholar) across countries with the 20 largest
scholar population in Scopus data, 2001-2015

Past and future trajectories of gender difference in population growth rates suggest that
female population will likely to grow slower than male population in many countries. Figure 2
presents the observed and projected growth rate difference between female and male scholars for the years
2016 to 2040. The figure shows the yearly median, 80%, and 95% prediction intervals of the 1,000 simulations



obtained from 10 different time period ranges of observed data (between 2001 and 2015). The median of
the simulations showed a downward trend in the growth rate difference in the four highlighted countries.
Moreover, this downward trend was observed for the majority of the simulations, as shown by the 80% and
95% prediction intervals.

However, although all four trends show downward trajectories, the rates of change and variability of pre-
dictions differed between countries. The United States had the lowest rate of decrease, whereas Germany had
the highest. Brazil and Japan demonstrated similar slope values. In regards to prediction ranges, Germany
and Japan presented the highest variability, followed by Brazil and the United States. The median growth
rate difference already turned negative in Japan (2014) and Brazil (2015), and we predict that Germany and
the United States would experience the same by 2020 and 2021, respectively. (See Supplementary Materials
2 for all 20 country results.)

Fig. 2: Projected median (solid red lines), 80% prediction interval (red dashed lines) and 95% prediction
interval (red dotted lines) of female to male difference in population growth rates for 2016-2040 from 2001-
2015 (black line) estimation for Brazil (upper left), Germany (upper right), Japan (lower left) and the United
States (lower right).

Gender differences in entry, exit and net migration rates show dissimilar drivers of gender
disparity across countries. Figure 3 shows the differences in population growth rates, and its component
entry (birth), exit (death), and net migration rate differences between female and male scholars for Brazil,
Germany, Japan and the United States. In addition, Supplementary Material 3 illustrates the information
for all 20 countries. Among the four highlighted countries, the female to male difference in population growth
rate tended to be the highest in Germany (all-period mean: 0.028) while other three countries had relatively
similar rates before 2012, the United States had all-period mean of 0.200, followed by Japan (0.019) and
Brazil (0.017). This indicates that Germany was moving the fastest, among the four countries shown in the
figure, towards gender parity, despite its low starting index. All four countries showed decrease in female to

male difference in growth rate after 2012, explaining the slow down of the progress towards gender parity



during this period. Among the 20 largest countries included in our analysis, the Netherlands tended to have
the highest female to male difference in growth rate (mean across 2001-2015: 0.035), followed by Iran (0.030)
and Switzerland (0.029). India recorded the lowest female to male difference in growth rate (all-period mean:
0.003), followed by China (0.008). Notably, all largest 20 countries, except for China and Russia, showed a
decrease in population growth rate difference after 2012.

Decomposition of population growth rate shows dissimilar component characteristics across countries,
even for countries with similar levels of difference in population growth rate. Comparing Japan and Brazil,
for instance, Brazil shows relatively lower gender difference in entry rate (0.035) with the lowest gender
difference in exit rate (0.016). On the other hand, Japan shows higher differences in entry rate (0.059) with

the highest differences in exit rate (0.038), among all largest 20 countries.

Fig. 3: Female to male difference in entry /birth (blue), exit/death (red), net migration (yellow) and popula-
tion growth (black) rates for Brazil (upper left), Germany (upper right), Japan (lower left) and the United
States (lower right), 2000-2015

Gender difference in career duration of publishing scholars indicates that female scholars
persistently faced disadvantage with minimal progress in the past decade. Figures 4 and Supple-
mentary Material 4 show cumulative survival probabilities of scholars from their first publication to any given
year for 4 countries and all 20 countries, respectively. From this figure, we focused on four primary patterns:
1) gap between male and female survival probability in each cohort; 2) increase or decrease in the gender gap
across different cohorts; 3) differences in overall level of survival probability and the rate of drop-out across
countries; 4) probability of dropping out within the first year of publication.

First, among the four highlighted countries, Japan had the highest male to female gap in survival probabil-
ity except for the most recent cohort, whereas the United States had the lowest difference. Second, Germany
showed an increase in the gap of survival probability between cohorts that entered active publication phase in
2001-2005 and 2011-2015, indicating that more female scholars had dropped out of actively publishing than
males in more recent cohorts. Third, the long-term survival probability tended to be the highest in Brazil.

After 15 years of observation, for those who entered publishing scholars pool between 2001 and 2005, 45%



of female and 50% of male scholars were still actively publishing in Brazil, whereas, only 18% of female and
30% of male scholars remained after 15 years in Japan. Lastly, all largest 20 countries showed substantial
drop-out of authors who published only in their first year of “life” (i.e. when they entered active publication
phase) and did not publish again afterwards. These authors are captured as drop in survival probability at
time t = 0.5 in the figures. This drop in survival probability during the first year was higher for the more
recent birth cohorts. For instance, in Brazil, survival probability at year 1 was over 0.8 for both male and
female scholars who entered active publication phase between 2001 and 2005. However, the same probability
among those who started publishing between 2011 and 2015 was between 0.5 and 0.6. Similar trends can be

observed in all largest 20 countries, with differences in survival levels.

Fig. 4: Mean survival probability and 95% confidence interval by gender for cohort that started publishing
in 2001-2005 (blue), 2006-2010 (green) and 2011-2015 (red) for Brazil (upper left), Germany (upper right),
Japan (lower left) and the United States (lower right). Darker lines indicate male and lighter lines indicate
female, 2001-2015

Discussion

Using a conceptual framework based on the entry, exit and migration components that underlie population
change, we depicted, explained and projected trends in gender parity among published scholars. We focused
on the gender difference in the growth of countries’ scientific population, to project the future trends of
gender parity in science. We relied on past and current levels of the GPI, the differences in the demographic
components of population growth, and survival probabilities to explain our projections of gender parity.
The results illustrate that current progress towards gender parity is stalling. In addition, there is a notable
downward trend in the difference in growth rate between male and female scholars, although with considerable
heterogeneity between countries.

These findings are further supported by the fact that some countries have reached negative values in the

growth rate difference between gender in recent years. While the context of each country should be examined



to interpret GPI, these results imply that the GPI will tend to remain at current levels or even regress back to
the levels of previous years where the gender gap was larger. For instance, both Germany and Japan display
a halt in the growth rate difference between male and female, which is particularly concerning because this
is occurring with a stagnation at the lowest levels of gender parity compared with other countries that are
within the scope of our analysis.

On the drivers contributing to gender differences in the growth rate of scientific population, our results
suggest that there is a marked deceleration of such progress since 2012, despite that female population has
been growing faster than the male population. The trends of gender disparity are also evident when evaluating
career duration differences between men and women. While the degree of the gender differences varied across
countries, we showed that all female scholars had significantly lower survival probabilities across all cohorts.
Importantly, the male to female difference in career duration was not necessarily decreasing over time, and
in some cases it was widening.

We have introduced a conceptual framework and methodology designed to model the factors influencing
the dynamics of gender parity, which also allowed for the future projections. Studies that examined female
representation in scientific community rarely accounted for all components in conjunction (4, 26, 27). Addi-
tionally, prior research employing demographic concepts has predominantly relied on data from a particular
country or field (10, 28—-30), whereas our study offers a global perspective, encompassing all countries and
disciplines featured in Scopus journals.

Even though this study offers a substantial contribution to the literature, we also would like to acknowledge
its limitations. First, while this study seeks to examine gender equality in science, an important distinction
should be made between gender parity and gender equality. In our article, parity is specifically defined as the
degree to which women are equally represented in various institutions, but it is important to consider that
gender parity is not always synonymous with equality as gender parity is one of the important dimensions of
gender equality (31) and issues such a the parity paradox (6, 32) remain unresolved in our study. Therefore,
it should be noted that many of the metrics used in this study are measures of gender parity although they
may fail to capture more complex dynamics in gender inequality in the academic realm.

In addition, it should be considered that our entry, exit and migration definitions are not without draw-
backs. Particularly, the right- and left-truncation issues that we face have shortened the time period of our
analysis. Moreover, because our measurement of entry into academia is based on the country corresponding
to the institutional affiliation, our results regarding scholars’ entry origins do not reflect birth nor nationality.
Lastly, similarly to previous studies (14), we were less capable of measuring gender disparity in China as
the gender detection algorithm is less accurate in detecting genders from transliterated Chinese names. In
addition, we note that the gender inference using first names to binary categories is a limitation of algorithmic
labeling. It neglects the diversity in gender identities beyond this dichotomy which is necessary in such an
analysis. Nevertheless, obtaining such diversity needs further metadata beyond names that would involve
surveying scholars and was beyond the scope of our analysis.

Because of the three demographic components, we are able to provide a much more detailed understanding
of gender parity in science compared to other research. In this way, our study enables policy makers to identify
country-specific ways of facilitating gender parity, e.g., by enabling female scholars to stay in the academic
sector longer. Thus, our results involve actionable insights for public policy. More broadly, policymakers
and researchers should not only consider particular aspects of gender parity (such as entry or participation).
Instead, it is essential to consider a combination of factors and their inter-relationships to obtain a more

comprehensive picture of gender parity in science. For example, some countries, such as Brazil, are leading
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the way with near parity in gender distribution of new scholars, but female scholars still have shorter careers
on average than their male counterparts. This fact highlights the role of survival and exit of scholars. Namely,
the end of a scholar’s academic career can be greatly influenced by their gender.

In this study, we focused on the demographic components underlying past and future trends in gender
parity, rather than the individual mechanisms that may be explaining these trends. As one of the explanations,
researchers have provided evidence that stereotypes and discrimination may prevent women from moving
up the career ladder in science, or even cause them to leave the system altogether (55-35). Likewise,
we emphasise that attracting female scholars from abroad and reducing their likelihood to leave are also
important drivers of gender parity. These would likely interact with the institutional characteristics of the

countries’ scientific environments.
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Supplementary Materials

Defining 5-year period of inactivity for right-censoring. We conducted a complementary analysis
to set a threshold of period for a scholar’s publication trajectory to determine if the scholar was in inter-
publication phase or exited. For each discipline, we computed the share of scholars published after five or more
years of inactivity. As an example, consider a multi-paper scholar with a set of publication years, represented
as: P = {p1,p2,...,Pn}, where p; represents the year of the i*" publication and n is the total number of
publications. We calculate the Inter Publication Interval (IPT) as IPI = {ps — p1,p3 — P2,---sPn — Pn—11-
The longest IPI can then be represented as maxz(IPI). For instance, a scholar with IPI of 6 is an author
whose longest period of IPI between an article or review published and the next one was 6 years. Over 92% of
the scholars in miscellaneous and engineering and technology had an IPI of 0-5; for natural and agricultural
sciences, it was 89%; and for social science and humanities was 85% and 80%, respectively. Therefore,

an IPI of 0-5 is a reasonable time window between publications that did not have differential impact across
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Supplementary Material 1: Percentage of authors grouped by IPI 0-5 or 6+ by disciplines
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2016-2040 from 2001-2015 (black line) estimation in all 20 countries with the largest scholar population.
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Supplementary Material 3: Female to male differences in entry rates (blue), exit (red), net migration (yellow)

and population growth (black) rates, 2000-2015 in all 20 countries with the largest scholar population.
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Supplementary Material 4: Survival Probability by gender for cohort that started publishing in 2001-2005

(blue), 2006-2010 (green) and 2011-2015 (red), darker lines indicate male, lighter lines indicate female, 2001-

2015 in all 20 largest countries.
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