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ABSTRACT

Despite long-standing concerns about gender bias in science, there remains a lack of
understanding regarding the performance of female scientists as team leaders compared to
their male counterparts. This study explores differences between female-led and male-led
teams in terms of scientific impact, novelty, and disruption, utilizing a comprehensive data set
of journal articles spanning from 1980 to 2016 across STEM fields. We employed Coarsened
Exact Matching (CEM) to match female and male scientists based on their characteristics.
Subsequently, we applied multivariable logistic regression models to compare the outcomes of
journal articles produced by female-led and male-led teams. Our analysis reveals that female-
led teams generate more novel and disruptive ideas. However, they tend to produce articles
with less scientific impact compared to their male-led counterparts. This suggests a systemic
undervaluation of the contributions of female scientists. Further analysis indicates that this
gender bias intensifies in later career stages and with larger team sizes. Additionally, significant
field-specific heterogeneity is observed, with the most pronounced bias found in Biology and
Medicine. These findings highlight the urgent need for policy adjustments to address these
biases and promote a more equitable evaluation system in scientific research.

1. INTRODUCTION

The persistent underrepresentation of women in scientific leadership positions has been a
topic of fervent scholarly discourse (Dion, Sumner, & Mitchell, 2018). Since 1901, only 26
of the 646 Nobel Prizes in Physics, Chemistry, and Medicine have been awarded to women'.
The National Institutes of Health (NIH) Gender Inequality Task Force Report (2018)” also
exposes concerning trends: Women comprise a mere 39% of tenure-track faculty positions
and a meager 23% of tenured faculty roles, with leadership positions even more scarce. How-
ever, the underrepresentation of women cannot be explained by an insufficient pool of highly
qualified women, because women have exceeded half of Ph.D. graduates in the biological
sciences for more than 10 years’.

For women who persevere in scientific careers, formidable challenges abound. Compelling
evidence points towards gender bias in crucial aspects of academic life, including recruitment

" The Nobel laureate data is available at https:// www.nobelprize.org/.

2 The National Institutes of Health (NIH) Gender Inequality Task Force Report is available at https:/diversity
.nih.gov/general-page/national-institutes-health-nih-gender-inequality-task-force-report.

3 See annual report of Council of Graduate Schools (CGS) at https:/cgsnet.org/.
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Female-led teams produce more innovative ideas

First author

practices (Moss-Racusin, Dovidio et al., 2012), salary structures (Ginther, 2003), access to
research funding (Witteman, Hendricks et al., 2019), migration (Zhao, Akbaritabar et al.,
2023), research strategies (Liu, Yang et al., 2023), and recognition through prestigious awards
(Ma, Oliveira et al., 2019). Furthermore, women are demonstrably underrepresented in overall
scientific output (Kong, Martin-Gutierrez, & Karimi, 2022), particularly in coveted first-authorship
positions (Ductor, Goyal, & Prummer, 2023; Liu, Zhang et al., 2022; Ross, Glennon et al., 2022).
The peer-review process itself is not immune to bias, as women receive unequal treatment in this
process (Witteman et al., 2019). This phenomenon, aptly termed the “Matthew Matilda effect”
(Rossiter, 1993), posits that established male researchers, dominating the publication landscape,
garner a disproportionate share of citations, reputation, and influence within their fields. These
disparities point towards a pervasive culture and climate that are unsupportive of women in
science, coupled with ingrained structural issues hindering their career advancement. As an
underrepresented group within STEM fields, women are confronting significant barriers.

Historically, the publication of research papers within STEM fields has exhibited a marked
gender disparity, with men typically occupying a leading authorship position (Ross et al.,
2022). However, over time, this disparity has shown signs of narrowing across all STEM dis-
ciplines (Figure 1). A significant increase is evident in the proportion of female scientists listed
as the first author of research publications, rising from 15.6% in 1990 to 21.6% in 2016. A
similar trend is observed for female scientists listed as the last author, with an increase from
10.1% to 21.2% during the same period. Furthermore, the distribution of female scientists
across research teams and affiliations demonstrates a high degree of heterogeneity. Notably,
a greater rate of increase in the proportion of female scientists as leading authors is observed
within large research teams and highly ranked institutions.

The underrepresentation and undervaluation of female scientists in STEM fields have been
long-standing issues, raising concerns about gender bias and its impact on scientific advance-
ment (Lerman, Yu et al., 2022; Ross et al., 2022; Teich, Kim et al., 2022; Yang, Tian et al., 2022).

b Last author
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Increasing proportion of female-led teams in STEM fields. The proportion of female leaders, either as the first author or as the last

author, shows an increasing trend across several categories: (a, b) different fields of study; (c, d) various team sizes; and (e, f) diverse affiliations.
Notably, the proportion of female leaders is higher in (a, b) Biology and Medicine fields; (c, d) large teams; and (e, f) prestigious affiliations.
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While existing studies have explored gender differences in scientific productivity, citations, and
recognition, they do not systematically analyze the differences in scientific impact and innova-
tion when female scientists serve as team leaders. In most STEM fields, the first author is typically
the individual who has made the most significant contribution to the research and has played a
major role in the execution and writing of the study. The last author, often known as the senior or
corresponding author, is usually the team leader who conceptualized the study, secured funding,
and provided overall supervision ( ). By focusing on the gender of the
first and last authors, we can effectively identify instances where female scientists are leading
the research efforts either through direct contribution (first author) or by providing overarching
leadership and guidance (last author).

Our study addresses these gaps by focusing on female scientists’ performance as team leaders,
comparing it to their male counterparts. We use a state-of-the-art methodological combining Coars-

ened Exact Matching (CEM) ( ) and multivariable logistic regression, to
ensure a robust and fair comparison. Additionally, we employ advanced measures of novelty (
) and disruption ( ; )

based on complex network analysis, offering a more nuanced understanding of innovation in sci-
entific research. These measures help us capture the extent to which female-led teams contribute to
paradigm shifts and generate novel ideas, providing insights beyond traditional citation metrics.

This paper presents a rigorous investigation into the comparison of female-led teams and
male-led teams within STEM fields between 1980 and 2016. Our inquiry delves into potential
gender differences across three key metrics: scientific impact, atypical combinations of knowl-
edge, and the potential to disrupt prevailing scientific paradigms. Our findings unveil a critical
disparity: While female-led teams demonstrate a propensity for generating more novel ideas
and challenging established paradigms, their work receives fewer citations compared to their
male counterparts. This potentially reflects a systemic bias that undervalues the contributions
of female scientists within the scientific community.

2. THEORETICAL BACKGROUND

2.1. Novel and Disruptive Ideas

Innovation drives scientific progress, propelling science into uncharted territories and expand-
ing humanity’s understanding of the natural and social world. In this paper, we consider two
types of innovation in science: (ex-ante) novelty and (ex-post) disruption.

Novelty involves the introduction of new ideas or the recombination of existing fragments
of knowledge ( ). Scientific and technological advancements do not arise
spontaneously but are derived from the existing corpus of knowledge ( ). Novel
ideas drive advancements across diverse fields and shape the contours of modern society
( ). It also holds profound implications for society, fostering
economic growth, technological advancement, and societal progress ( ).
Scholars have offered various conceptualizations of novelty, emphasizing its multidimensional
nature and the interplay of factors influencing its emergence ( ;

). Notably, promoting diversity and inclusivity within the scientific community can
enhance novelty by tapping into a broader pool of talent and perspectives (

; ). Building upon Schumpeter’s seminal work on innovation as the
introduction of new products, processes, or forms ( ), the identification of
atypical knowledge combinations ( ) serves as the widely acknowledged
and most suitable means of gauging the novelty of scientific research.

863
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Disruption manifests through the magnitude of paradigmatic upheaval, delineated by
the interconnectedness between past and prospective knowledge (

; ). Disruptive ideas, grounded in Kuhn's theory of paradigm
shifts ( ), emancipates itself from prevailing paradigms, engendering entirely
novel disciplines or paradigms ( ). The quantifica-
tion of disruption in science entails an examination of citation links within the knowledge
network, elucidating the forward and backward impacts of papers and patents, thereby
contributing to an expansive network of knowledge flow. The CD index, introduced by

, meticulously evaluates the disruptive potential of technol-
ogies by scrutinizing the structural attributes of the deep citation network.
and have extended the application of the CD index to sci-
entific literature, furnishing a quantitative metric for gauging the disruptive essence of
knowledge.

2.2. Gender Difference in Scientific Impact

A persistent gender disparity exists in scientific authorship, particularly within STEM disci-
plines and at renowned institutions ( ). Career stage and
attrition from scientific careers can influence the observed gender gap in research produc-
tivity ( ). Female researchers are disproportionately likely to
encounter authorship disagreements and have their contributions undervalued by colleagues
of both genders ( ). This underrepresentation of women in science man-
ifests across multiple facets of academic life. Extensive research has documented gender dis-
parities in hiring practices ( ), compensation ( ), access to
research funding ( ), and recognition through prestigious awards (

). Women are demonstrably underrepresented in overall scientific output (

) and particularly in senior authorship positions ( ; ).
Furthermore, gender bias has been documented within the peer review process (

).

While prior research suggests research quality itself may not be the primary driver of the

career-level gender citation gap ( ), a growing body of evidence highlights
alternative explanations. Studies indicate that disadvantages in career progression faced by
women in academia may be a root cause ( ).

propose that caregiving responsibilities disproportionately burden female
scientists, potentially hindering their overall productivity.

Furthermore, introduce the concept of “gender homo-
phily” in citations, demonstrating a bias towards same-gender authorship. Their findings sug-
gest women-led articles receive fewer citations from subsequent male-led publications, but
more citations from subsequent women-led works. This implies a potential subconscious influ-
ence of author gender on citation practices. These observations align with broader concerns

regarding authorship inequities. Research by reveals that women are more
likely to experience authorship disputes, suggesting a potential gender bias in credit attribution
within scientific collaborations. demonstrate that although career length

discrepancies partially explain the gender gap in publication impact, a productivity difference
persists. Additionally, awards received by women tend to be associated with lower monetary
value, reduced public attention, and less career advancement potential ( ). These
findings highlight the multifaceted nature of the gender citation gap and the need for further
investigation into these systemic issues.
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2.3. Gender Difference in Innovation

The landscape of innovation research currently suffers from a dearth of scholarship exploring
potential gender disparities in the pursuit of novel and disruptive ideas (

; ). While the field acknowledges the importance of diversity in fostering
creativity ( ; ), a deeper understanding of how
gender influences the generation and reception of groundbreaking concepts remains elusive.

provide a compelling starting point, suggesting that under-
represented groups, including female scientists in STEM fields, may exhibit a propensity for
higher rates of scientific novelty. However, their work also unveils a concerning trend: These
novel contributions are often devalued and ultimately discounted. This manifests in lower rates
of uptake by other scholars and a diminished likelihood of translating impactful work into suc-
cessful scientific careers for gender minorities compared to their majority counterparts.

Further evidence emerges from , who investigated the medical field. Their
research demonstrates a significant correlation between gender diversity in research teams and
the level of novelty in their publications. Teams with a balanced gender composition produced
demonstrably more novel work compared to same-gender teams of equivalent size. This
pattern held true across various medical subfields, suggesting a generalizable phenomenon.
Similarly, explored the impact of gender composition in physics
research teams. Their findings indicate that a higher proportion of female scholars and their
active participation within mixed-gender teams positively contribute to the generation of dis-
ruptive ideas.

2.4. Research Hypotheses

Gender bias and systemic inequities within academic and research institutions are well doc-
umented, with evidence indicating that women face numerous barriers to recognition and
advancement in scientific fields. These barriers encompass biases in hiring practices (

), disparities in funding allocation ( ), and unequal
opportunities for prestigious awards ( ). Furthermore, research demonstrates that
female scientists often encounter challenges in authorship credit and experience higher rates
of authorship disputes ( ). The concept of “gender homophily” in citations (

), suggests that gender can influence citation practices, with male researchers
potentially favoring male-led work over female-led work. These systemic issues collectively
support the hypothesis that research articles authored by female scientists may receive less
scientific impact compared to those authored by male scientists, reflecting broader patterns
of gendered disparities in academic recognition and influence.

Thus, we propose our first hypothesis:
HO1: Female-led teams receive less scientific impact than those led by male scientists.

The introduction of new ideas or the recombination of existing knowledge fragments drives

novelty ( ). Female scientists, often underrepresented in various fields, may
approach problems differently and bring unique perspectives that challenge conventional
thinking ( ). This diversity of thought is critical for fostering creativity and

generating novel ideas. Empirical evidence supports this notion, indicating that diverse teams,
including those with a significant female presence, tend to produce more innovative and orig-
inal research ( ). Furthermore, promoting diversity and inclusivity within the
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scientific community can tap into a broader pool of talent and perspectives, enhancing the
novelty of research outcomes. This theoretical framework suggests that female-led research
teams, by virtue of their diverse perspectives and potential for unconventional thinking, are
likely to produce more novel scientific contributions.

Thus, we propose our second hypothesis:
HO02: Female-led teams produce more novel ideas than those led by male scientists

Disruptive innovation involves significant paradigmatic upheaval and the potential to rede-
fine existing knowledge structures. Female scientists, who often face systemic barriers and
underrepresentation, may develop unique approaches that diverge from established para-
digms, leading to disruptive ideas. Research by demonstrates that teams
with balanced gender compositions produce more disruptive research outcomes. These find-
ings suggest that female-led research, characterized by distinctive insights and a propensity to
challenge the status quo, is likely to be more disruptive in nature.

Thus, we propose our third hypothesis:

HO03: Female-led teams produce more disruptive ideas than those led by male scientists

3. DATA

3.1. Publication Data

We utilized the Microsoft Academic Graph (MAG) data set ( ), a com-
prehensive scientific publication database that records bibliographic information, authorship,
author affiliations, and citation links for articles. Spanning from 1800 to 2021, MAG
encompasses over 200 million documents, including journal articles, conference proceed-
ings, preprints, and various research publications. We focused our analysis on journal articles
published between 1980 and 2016. This time frame is chosen due to the scarcity and inac-
curacy of author information in earlier periods. Additionally, restricting our sample to journal
articles published before 2016 ensures a minimum citation window of 5 years ( ).

MAG offers a meticulously curated framework for delineating research fields, using advanced
machine learning algorithms. At its primary level, MAG defines 19 overarching research domains,
which are further divided into 292 subfields. We limited our data set to STEM fields, where biases
against women are particularly significant ( ). These fields include Geography,
Environmental Science, Geology, Engineering, Computer Science, Physics, Mathematics, Mate-
rials Science, Chemistry, Biology, and Medicine—all categorized as MAG first-level fields.

Moreover, we restricted our analysis to journal articles with at least five references. This
criterion serves two main purposes: First, it allows us to use reference information as a proxy
for an article’s knowledge sources, which is crucial for calculating novelty scores and the CD
index; second, it helps filter out nonresearch articles and incomplete records, such as com-
ments, insights, or letters to the editor.

3.2. Author and Gender Data

MAG teams employed sophisticated methodologies, including machine learning and crowd-
sourcing, to address the name disambiguation problem ( ). They utilized web
search engines to access publicly available information such as personal websites and
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curricula vitae, thereby enhancing the accuracy of the disambiguation process.

conducted a sample test, demonstrating 100% accuracy and 84% recall, confirm-
ing the effectiveness of MAG’s disambiguation methods. This data set also provides compre-
hensive career data for scientists and their affiliation information.

To examine gender differences among team leaders, only the first and last authors are consid-
ered, with the last author typically serving as the corresponding author in STEM fields. To ensure
data accuracy, scientists with no more than 500 publications are included, minimizing potential
errors in name disambiguation ( ). The home field for each scientist is deter-
mined based on their first-authored and last-authored publications, assigning the most frequently
occurring first-level field as their primary field. Each scientist is assigned only one primary field.

We applied a statistical model ( ) to estimate author
gender based on first names using data from the MAG database. The model utilizes a cultural
consensus model of name-gender associations to infer author gender probabilities. For our
data set, probabilities greater than 0.5 indicate female authors, while probabilities below
0.5 indicate male authors. It is important to note that the analysis treats the first author and
last author information separately. We included only authors with a minimum of 10 years
of career length and at least two first- or last-authored publications in our data set. This crite-
rion excludes individuals who exit the academic field early in their careers and do not achieve
team leadership roles.

4. VARIABLES AND MODELS

4.1. Coarsened Exact Matching

To ensure comparability between female and male scientists before our regression analysis, we
employed Coarsened Exact Matching (CEM) ( ). This advanced matching
method enhances the similarity between female and male scientists at the outset. The CEM
algorithm involves three main steps: (a) temporarily coarsening each control variable X for
matching purposes; (b) sorting all observations into strata with identical values of the coars-
ened X; and (c) pruning units from the data set that do not include at least one treated and one
control unit in any stratum. We performed a one-to-one match, pairing each female scientist
with a male scientist, ensuring numerical balance in our sample.

We used a set of predetermined features to control for individual differences, scientific
achievements, demographic characteristics, and academic environments. These features
included primary fields at level-0, career start year”, career length, average team sizes, average
reference counts, and affiliation rank’. We excluded variables such as authors’ citation count
or productivity from the matching process because these features vary over time and were
accounted for in the regression models.

Out of 1.1 million scientists in our sample, we successfully matched 180,184 female sci-
entists with 180,184 male scientists. An examination of the characteristics of the two groups
revealed that, prior to publication, they were statistically indistinguishable across all measured
dimensions ( ).

4 We define the start of an author’s career as the year they published their first paper in the Microsoft Aca-
demic Graph (MAG).

5 The affiliation rank is determined by the total citation counts of all the papers associated with each affiliation
in the Microsoft Academic Graph (MAG).
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Figure 2. Before-CEM and after-CEM feature comparisons between the female and male group. We compared six different characteristics.
The features are defined as follows (from top to bottom): primary fields at MAG level-0, career start year, career length, average team sizes,
average reference counts, and affiliation rank (ranked by the total citations in MAG). We see no significant difference between the two groups
across any dimension we measured after CEM; Error bar represents the 95% confidence interval.

4.2. Variables

Citation-based metrics of impact are influenced by numerous factors, including the varying cita-
tion dynamics across different papers (Aksnes, Piro, & Fossum, 2023), temporal fluctuations in
average citation counts, dependencies on specific subfields (Fortunato, Bergstrom et al., 2018),
and a highly skewed distribution. To address these variabilities, we use the probability of pro-
ducing hit papers (or home runs) as a measure of scientific impact (\WWang, Jones, & Wang, 2019;
Yang, Zhao, & Deng, 2024c). Here, “hit papers” are defined as those in the top 1% of highly
cited papers within their respective publication year and field. This approach ensures that the
essential information is retained, despite the simplification inherent in using a binary metric.

Novelty involves the introduction of new ideas or the recombination of existing fragments
of knowledge (Shi & Evans, 2023; Uzzi et al., 2013). Scientific advancements do not arise
spontaneously but are derived from the existing corpus of knowledge (Arthur, 2009). In this
study, we followed the methodology of Uzzi et al. (2013), using the yearly journal distribution
in the reference list of papers to calculate scientific novelty. As our data set includes papers
with at least five references, this method effectively measures atypical combinations of
knowledge. We ran Monte Carlo simulations by randomly switching the reference links
between random paper pairs while controlling for time. The simulations involve creating
reshuffled networks with random edge reassignment while preserving the temporal and dis-
tributional attributes of the original citation network. Each journal pairing is transformed into
Z-scores, representing standardized values. The computation of atypical combinations for
each journal pair (pair,,,) is encapsulated by

obs(pair,,) — exp(pair,)
o (pairy)

Z scorem, =

where obs(pair,,,) signifies the observed frequency of the journal pair in the actual data set,

exp(pair,,,) represents the mean, and o(pair,,,) denotes the standard deviation of journal pairs
obtained from 10 randomized simulations of the reshuffled network. To encapsulate the
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information within the distribution, denoted as a set [Z score,,, , | m, n € JI, wherein J encom-
passes all journals within the reference list, we leverage the 10th percentile value of the novelty
set as a succinct summary statistic. We denote articles as novel if their 10th percentile value of
the novelty set is lower than 0; otherwise, they are not considered novel articles.

1, if 10pct[Z scoremylm,n € J] <0
Novel paper = . ’ .
0, if 10pct[Z scorepn|m,n € J] >0
To evaluate the disruptive nature of academic articles, we employed the CD index (
), which assesses structural features within the deep citation network. The
CD index is calculated as follows:
ni — nj

O EE— @)
nj + nj + ng

CD index = pp — pc =
where n; represents the number of future papers citing the focal paper (FP) that do not refer-
ence its cited sources, n; denotes the number of future papers citing FP and its references, and
ny represents the number of papers citing FP’s references without citing FP itself. A lower CD
index indicates alignment with established knowledge, while a higher CD index signifies
papers with the potential to induce paradigm shifts.

However, the CD index has notable limitations in evaluating the disruptive potential of
papers ( ; ). One significant concern is its distribu-
tion, which is highly centered around zero ( ; ).
Additionally, the CD index can be largely biased by the unstable parameter n,. To address
these issues, we follow existing studies by employing a dummy variable ( ),
considering a paper to be disruptive if its CD index is above zero. This approach mitigates
the bias introduced by the distribution and the unstable parameter n,.

4.3. Empirical Specification

To address the inherent heterogeneity across scientific disciplines, we incorporated second-
level fields of study as fixed effects in our models. We also included year fixed effects (ranging
from 1980 to 2016) to account for temporal variations and trends. Additionally, journal fixed
effects were introduced to address heterogeneity related to publication outlets, encompassing
a total of 39,893 distinct journals. Lastly, we controlled for affiliation fixed effects to account
for the leading author’s affiliations.

While the combination of CEM and four-level fixed effects addresses most confounding
factors, we further included several covariates as additional controls: (a) team size (
), international collaborations (dummy variable) (
), and multidisciplinary teams (dummy variable) ( ); (b) grant funding
(dummy variable) ( ) and the number of references in the focal papers (

); and (c) the career age of the author, the author’s productivity, the cumulative citations
of the author prior to the publication year of the focal paper, and focal field (a dummy variable
indicating whether the focal paper is the author’s home field). Detailed descriptions of these
control variables are provided in in the

We employed a logistic regression model to estimate the effect of having a female scientist as
the first or last author on the probability of producing hit papers. Equation 3 is specified as follows:

|n< P(Hit))

K
W) = o+ B, (Female;) + Zkzzﬂk(ControlkA,‘) +Yi+F+J)i+A+e ()

869

920z JequianoN 90 U0 3sanb Aq 4pd'Ge€00 & Ssb/859z812/1L98/v/S/Hpd-8jo1He/ssb/npayiwioalip woly papeojumoq


https://doi.org/10.1162/qss_a_00335
https://doi.org/10.1162/qss_a_00335

Female-led teams produce more innovative ideas

a 0.04
= 0.03
=

a 0.02

0.01

d0.10 First author

First author

Male Female

Last author First author Last author

o

Last author First author

(=2
o
o

(2]

e wx

o
N
o

P (Novel)
o o
> n
P (Disruptive)
o o
iz =
o u

Male Female Male Female Male Female Male Female Male Female

Last author €,y First author Last author First author Last author

v
= T e 3 0.6 ‘% 0.20
-‘i 0.05 —— Female é . / g .
w
o Sos 8015 \
0.00 0.4 % 0.10
2 4 6 8>102 4 6 8 >10 2 4 6 8>10 2 4 6 8>10 2 4 6 8>10 2 4 6 8>10
Team size Team size Team size Team size Team size Team size
g First author Last author h 06 First author Last author | First author Last author
- go3
5 0.04 3 =
= S s
z M gos o2
% 0.02 Py g
a

1980 2000
Publication year

j First author

1980 2000 1980 2000 1980 2000
Publication year

P (Hit)
o
o
N =
P (Novel)
o
o
P (Disruptive) ==
o o
~N w

0.4

=
]

980 2000 1980 2000

Publication year  Publication year Publication year  Publication year

Last author First author Last author First author Last author

=

=
(0]

=)
R

Career age

20 0 20 0
Career age Career age

N
o

0

N
o

0

N
o

Career age Career age Career age

Figure 3. The differences in scientific impact, novelty, and disruption for female-led teams vs. male-led teams. The likelihood of producing (a,
d, g, j) high-impact papers, (b, e, h, k) novel papers, and (c, f, i, ) disruptive papers for female-led teams versus male-led teams, considering
whether the lead author is the first or the last author. Error bars and shaded areas indicate 95% confidence intervals. *** indicates p < 0.001 for

a two-tailed Welch’s t-test.

Quantitative Science Studies

where | represents the article, t the year of publication, fthe field, Female; is a binary variable
indicating if the first author or the last author of paper i is female, Controly ; represents the control
variables, Y; denotes year fixed effects, Frcaptures second-level field fixed effects, £; denotes
the error term and « denotes the constant term. We applied this same model specification to
estimate the effects of having a female leader on novelty (the probability of novel papers) and
disruption (the probability of disruptive papers).

5. RESULTS

5.1. Female-Led vs. Male-Led Teams

Based on the CEM results, we identified female and male scientists, along with the papers
produced by their respective teams. We began by comparing the work produced by female-
led and male-led teams, specifically examining their likelihood of generating hit papers, novel
papers, and disruptive papers. This straightforward comparison, devoid of any control vari-
ables, provides an intuitive understanding of the outcomes.

The results reveal that female-led teams are less likely to produce hit papers” compared
to their male-led counterparts (diff = 0.45%-0.46%, p-values < 0.001 for two-tailed
Welch’s t-test, Figure 3a), irrespective of whether the female scientist is the first or last

¢ Although we defined hit papers as the top 1% of highly cited papers within their respective publication year
and field, our data sample shows an average probability of hit papers above 0.01. This is due to our focus on
authors with sufficient career length and productivity, resulting in a sample with an average probability of hit
papers higher than 0.01.
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Table 1.  Effect of female leadership on the probability of hit papers (logit regression)
m (2) 3) 4) (5) (6)
P (Hit papers)
Models First author Last author
Female —0.1465%** —0.10271*** —0.0697*** —0.1814*** —0.0742%*** —0.0336***
(0.0064) (0.0072) (0.0081) (0.0069) (0.0077) (0.0091)
Paper Yes Yes Yes Yes
controls
Team Yes Yes Yes Yes
controls
Author Yes Yes
controls
Year FE Yes Yes Yes Yes Yes Yes
Field FE Yes Yes Yes Yes Yes Yes
Journal FE Yes Yes Yes Yes
Affiliation FE Yes Yes
Obs. 3,304,856 2,682,999 2,098,780 3,505,475 2,819,138 2,095,369
Pseudo R? 0.0095 0.2579 0.2768 0.0112 0.2590 0.2777

Note: Robust standard errors are reported in parentheses.

*p < 0.05.
** p < 0.01.
% p < 0.001.

Quantitative Science Studies

author. Conversely, teams led by female scientists demonstrate a higher probability of pro-
ducing novel (diff = 2.2%-3.1%, p-values < 0.001, Figure 3b) or disruptive ideas (diff =
1.9%-3.1%, p-values < 0.001, Figure 3c¢), regardless of their authorship position. These
findings are robust and consistent across various team sizes (Figures 3d—f), publication
years (Figures 3g—i), and stages of career progression (Figures 3j-I).

5.2. Logit Regression Results

We utilized multivariate fixed-effect logistic regression models to investigate gender differences
in scientific impact, novelty, and disruption. Initially, we included year and field fixed effects in
Model 1-4, followed by the addition of paper and team-level control variables (e.g., grant fund-
ing, reference count, team size, multidisciplinary team, international team, journal fixed effects)
in Model 2-5. Finally, we incorporated author-level control variables (e.g., career age, author
productivity, author citations, focal field, affiliation fixed effects) in Model 3—-6, our comprehen-
sive model. The basic results are reported in Tables 1-3, and the detailed results with the coef-
ficients of control variables are shown in Tables 53.1-53.3 in the Supplementary material.

Our findings indicate that female-led teams are more likely to produce novel and disruptive
papers but tend to receive fewer citations. Across all models, the presence of female scientists
as first or last authors consistently showed a significantly negative effect on scientific impact
(probability of producing high-impact papers) but a significantly positive effect on the proba-
bility of generating novel and disruptive papers.
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Table 2.  Effect of the female leadership on the probability of novel papers (logit regression)
(1) (2) 3) 4) (5) (6)
P (Novel papers)
Models First author Last author
Female 0.1078*** 0.0302*** 0.0327%** 0.0909%*** 0.0400%*** 0.0458***
(0.0023) (0.0026) (0.0030) (0.0022) (0.0025) (0.0030)
Paper Yes Yes Yes Yes
controls
Team controls Yes Yes Yes Yes
Author Yes Yes
controls
Year FE Yes Yes Yes Yes Yes Yes
Field FE Yes Yes Yes Yes Yes Yes
Journal FE Yes Yes Yes Yes
Affiliation FE Yes Yes
Obs. 3,304,856 3,282,703 2,650,210 3,505,475 3,484,394 2,677,601
Pseudo R? 0.02799 0.14939 0.15343 0.02075 0.14145 0.14896

Note: Robust standard errors are reported in parentheses.

*p<0.05.
= p < 0.01.
% b < 0.001.

Quantitative Science Studies

In our full models, female scientists as first or last authors exhibited a 6.7% (exp(—0.0697) —
1) and 3.3% (exp(—0.0336) — 1) decrease, respectively, in the odds ratio of producing high-
impact papers compared to their male counterparts. Conversely, female scientists as first or last
authors showed a 3.3% (exp(0.0327) — 1) and 4.7% (exp(0.0458) — 1) increase, respectively,
in the odds ratio of producing novel papers. Additionally, female scientists as first or last
authors had a 6.7% (exp(0.0649) — 1) and 2.8% (exp(0.0279) — 1) increase, respectively, in
the odds ratio of producing disruptive papers compared to male counterparts.

6. HETEROGENEITY AND ROBUST ANALYSIS

6.1. Career Stage and Team Size

Figure 3 suggests that the disparity in the hit paper rate between female-led and male-led
teams is not significant at the early career stage but becomes more pronounced in the middle
and later stages of their careers. To test this, we conducted split-sample regressions based on
the author’s career age.

Figure 4 reveals a consistent pattern in gender differences regarding scientific impact, nov-
elty, and disruption across various career stages. Figures 4a and 4b show that female scientists,
as first authors, consistently receive fewer citations than their male counterparts at different
career stages (except in the first year), with the negative coefficient increasing with career
age. When female scientists are the last authors, the gender difference in scientific impact is
insignificant in the first 5 years but remains significantly negative in later career stages.
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Table 3. Effect of the female leadership on the probability of disruptive papers (logit regression)

(1 (2) (3) (4) (5) (6)
P (Disruptive papers)

Models First author Last author
Female 0.1397*** 0.0632%** 0.0649%** 0.1227*** 0.0360*** 0.0279***
(0.0029) (0.0032) (0.0038) (0.0029) (0.0032) (0.0039)

Paper Yes Yes Yes Yes
controls

Team controls Yes Yes Yes Yes

Author Yes Yes
controls

Year FE Yes Yes Yes Yes Yes Yes

Field FE Yes Yes Yes Yes Yes Yes

Journal FE Yes Yes Yes Yes

Affiliation FE Yes Yes

Obs. 3,181,201 3,167,066 2,567,637 3,389,438 3,374,407 2,599,804

Pseudo R? 0.0350 0.1458 0.1558 0.0321 0.1405 0.1494

Note: Robust standard errors are reported in parentheses.
* p < 0.05.

** p < 0.01.

#5 p < 0.001.

First author Last author
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in scientific impact, novelty, and disruption across different team sizes. Scatters represent the aver-
The logistic regression coefficients for female-led teams on the probability of producing hit papers.

(c—f) The logistic regression coefficients for female-led teams on the probability of producing novel and disruptive papers. Error bars indicate
95% confidence intervals based on robust standard errors. *p < 0.05, **p < 0.01, ***p < 0.001.

Quantitative Science Studies

illustrate a consistently significant positive effect of being a female scientist on the
probability of producing novel and disruptive papers, for both first and last authors.

These findings indicate that teams led by female scientists consistently produce more novel
and disruptive papers throughout their academic careers. However, the bias against their sci-
entific impact becomes more significant in the later stages of their careers.

We further examined whether the differences in outcomes between female-led and male-
led teams vary by team size. As shown in , the disparity in the rates of high-impact
papers between female-led and male-led teams appears larger in larger teams. However, given
that larger teams generally have higher hit rates and lower disruptive potential, we conducted
split-sample regressions for a more rigorous analysis.

illustrates that the coefficient for female-led teams on high-impact paper rates
increases with team size, shifting from insignificant in smaller teams to negatively significant
in larger teams. This trend suggests a pronounced bias against female scientists in larger teams,
where papers led by female scientists in STEM fields receive fewer scientific impact compared
to those led by male scientists.

Regarding novelty and disruption, the coefficients for female leadership on the probability
of producing novel and disruptive papers remain consistently and significantly positive across
all team sizes. This indicates that female-led teams, regardless of size, are more likely to gen-
erate novel and disruptive ideas in STEM fields.

6.2. Heterogeneity Across Fields

We further analyzed the performance of female-led and male-led teams across different fields
using split sample regression. illustrates the heterogeneity across MAG level-0 fields,
arranged from smallest to largest based on the total number of papers in MAG.

Contrary to our expectations, the bias against female-led teams regarding scientific impact
is not significant in many fields. For instance, when a female scientist is the first author in
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indicate 95% confidence intervals based on robust standard errors. *p < 0.05, **p < 0.01, ***p < 0.001.
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Engineering and Material Science, the coefficient is insignificant. Similarly, when a female sci-
entist is the last author, most fields show insignificant results, except for Physics, Biology, and
Medicine, where the coefficients are significantly negative. On the other hand, female-led teams
do not exhibit significantly higher novelty than male-led teams in Computer Science, Physics,
and Mathematics. These findings suggest that the observed bias against female-led teams is pre-
dominantly present in Biology and Medicine, the two largest fields of study in MAG.

6.3. Robustness Analysis

We conducted a series of additional analyses to verify the robustness of our findings. First, a
significant concern regarding our results is the accuracy of the gender inference procedure,
particularly for Asian authors, when using machine-learning-based methods. To address this
issue, we conducted a subsample analysis exclusively with U.S. authors, following the methodol-
ogy of recent studies ( ). The results of this analysis, presented in —

in the , corroborate our main findings.

We further examined gender differences in scientific impact, novelty, and disruption by ana-
lyzing data from scientists in each country separately. Our sample was partitioned based on the
countries of the affiliations of the focal authors. The results are depicted in , where
regions or countries are color-coded: Dark red indicates significantly positive coefficients, light
red signifies insignificantly positive coefficients, dark green represents significantly negative
coefficients, and light green denotes insignificantly negative coefficients. In most Western coun-
tries, the effect of female-led teams on scientific impact is negative. Conversely, the positive
effect of female-led teams on the likelihood of producing novel and disruptive papers is sig-
nificant in most countries. However, the results for Asian countries are less consistent.

Second, we analyzed the impact of mixed leadership in research teams with more than one
member. We categorized the sample into four groups based on the gender of the first and last
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further substantiate our findings, we conducted a regression analysis using the group with first author
male and last author male as the baseline. The regression results, presented in —
in the , corroborate our observations.

Third, prior studies also indicate that gender-diverse teams often generate more novel and
disruptive ideas ( ). Our analysis, however, does not focus on gender bias, but
rather on female leadership as the first or last author, specifically whether the research is led by
a female. To isolate the impact of gender diversity on the results, we construct a variable called
gender entropy, defined as gender entropy = —psIn (pg — (1 —p) In (1 —p)), where p;represents
the probability of female authors in team. The value of gender entropy ranges from 0 to 1.
Higher gender entropy indicates higher diversity. We incorporate gender entropy into the
regression models. The results, presented in - in the

, demonstrate that our findings largely persist even when controlling for gender diver-
sity, with the exception of female last authorship on scientific impact. This suggests that gender
diversity does not fully account for our findings: Female leadership is associated with lower
scientific impact, higher novelty, and higher disruption.

In and in the , we validated our analysis by
employing alternative measures of scientific impact, including the top 10% most highly cited
papers and the 5-year citation count. In in the , we utilized
alternative measures of novelty. Additionally, we used the raw CD index and the five-year CD
index as dependent variables in and in the . The
results consistently align with our primary findings, collectively underscoring the robustness
and reliability of our conclusions.

7. DISCUSSIONS

7.1. Implications

Our study contributes to the existing literature by shedding light on significant gender dispar-
ities in scientific impact, novelty, and disruption within STEM fields. The finding that female-
led teams produce more novel and disruptive ideas yet generate less scientific impact than
their male counterparts. This underscores a systemic bias that undervalues the impact of
female scientists” work.

Theoretical frameworks such as the “Matthew Matilda effect” ( ) and “female
penalty for novelty” ( ) provide a lens through which to interpret these findings.
Established male researchers, who dominate the scientific publication landscape, continue
to receive a disproportionate share of citations and recognition, despite evidence suggesting
comparable or superior contributions by female scientists in terms of novelty and disruption.
This phenomenon suggests that current recognition metrics may not adequately capture the
quality of scientific contributions from diverse groups, thereby perpetuating gender dispar-
ities in scientific recognition and advancement. According to the perspective of female pen-
alty for novelty, male scientists are generally expected to produce more innovative research
compared to their female counterparts. When women do create novel work, it is often
viewed as a departure from gender norms. Consequently, due to these gender stereotypes,
the unique research output of female scientists may not receive equal evaluation or recog-
nition as that of their male peers. Research findings indicate that women tend to receive less
acknowledgment than men for their innovative contributions across different sectors, includ-
ing academia ( ; ; ). In a
prior study conducted by the authors, it was observed that female PhD graduates tend to
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exhibit a lower level of novelty in their doctoral theses compared to their male counterparts
( ). The disparities in these findings could be linked to variations in sci-
entific publication types, career stages, and disciplines. Further exploration should be per-
formed to understand the contrasting directions of gender discrepancies in novelty between
doctoral theses and journal articles.

Furthermore, the study highlights the role of team size in exacerbating gender biases. We
find that the negative effect of female leadership on scientific impact is more pronounced in
larger teams. This suggests that biases against female scientists are amplified in environments
where research output is more visible and competitive, potentially affecting career advance-
ment and funding opportunities.

Practically, our study calls for policy interventions aimed at mitigating gender biases in the
evaluation and recognition of scientific contributions. Institutional policies and practices
should be revisited to ensure equitable evaluation metrics that consider the diversity of scien-
tific contributions and the contexts in which they are made. This includes reevaluating citation
practices to minimize bias against female-authored research and ensuring that contributions
from diverse groups are appropriately recognized and valued. Additionally, our findings sug-
gest that efforts to promote diversity and inclusion within scientific teams are not only ethically
imperative but also beneficial for scientific innovation. Policies that support the recruitment,
retention, and advancement of women in STEM fields, particularly in leadership and decision-
making roles, are crucial. Initiatives that provide mentorship, networking opportunities, and
support for work-life balance can help mitigate the barriers faced by female scientists and con-
tribute to a more inclusive and equitable scientific community.

7.2. Limitations and Future Avenues

Despite our comprehensive analysis, this study is not without limitations. First, our study
focused on the first and last author positions as proxies for scientific leadership, potentially over-
looking the contributions of coauthors and collaborators. Future research could explore the role
of middle authors and their impact on gender disparities in scientific recognition. Second, our
analysis primarily examines gender differences in scientific impact, novelty, and disruption,
without delving into the underlying mechanisms of these disparities. Further qualitative research
could help uncover the specific barriers and biases that contribute to the underestimation of
female scientists’ contributions. Third, while we account for various confounding factors in
our CEM procedures and regression models, there may be unobserved variables that influence
our findings. Future studies could employ alternative methodological approaches, such as
machine learning algorithms or causal inference methods, to address these potential con-
founders more effectively. Finally, while our study calls for policies to counteract biases and
promote equity in scientific evaluation, the effectiveness of such policies remains an area for
future investigation. Policy evaluations could provide insights into the impact of diversity initia-
tives on reducing gender disparities in scientific recognition.
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