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Abstract

Social sciences are increasingly recognized as significant for building a sustain-
able world since the social perspective can assist researchers in other fields in
navigating public controversy and designing more responsible interaction
mechanisms between the natural and social systems. However, the question
arises: to what extent do natural sciences rely on social science research in
their studies? Examining life science publications from seven PLoS journals,
this paper attempts to characterize the volume and trajectory of citations from
life sciences to social sciences. We explore three core questions: To what extent
do life sciences cite social sciences? What actors in the life sciences are citing
social sciences? Which actors in the social sciences are being cited? Our analy-
sis estimates social sciences influence 15%-19% of life science publications,
contributing to 1.1%-1.5% of references in 2018. Social science citers are found
across peripheral and central topics of life science disciplines. Cited social sci-
ence publications exhibit various levels of interdisciplinarity and achieve the
greatest citation impact among peers. Citations to social sciences are prevalent
in both theoretically and methodologically oriented sections. We show empiri-
cally the increasing impact of social sciences on the development of the life
sciences.

(Huang & Chang, 2008; Kulczycki et al., 2020), funding
ratios (Xu et al., 2015), and so on.

Since Comte's classification of science, the divide and
interaction between natural sciences and social sciences
have remained a focal question in both the qualitative
(Kuhn, 2012) and quantitative (Price, 1970) understand-
ings of science. The two major branches of science differ
significantly in research subject, research culture
(Kagan, 2009), research strategy (Jaffe, 2014), epistemol-
ogy (Bonaccorsi, 2022), publication channel (Lariviére,
Archambault, et al, 2006), researcher productivity
(Neumann, 1977), research collaboration (Lariviére,
Gingras, et al., 2006; Stefaniak, 2001), reference literature
(Glénzel & Schoepflin, 1999), the language used

Despite the great cognitive and practical discrepancy,
the intellectual exchange between the two is also inten-
sively discussed, arguably more on social sciences
benefiting from natural sciences. For instance, the term
“Social Physics,” nowadays Sociology, was coined by
Comte with the ideal of discovering universal laws of
human society in a similar fashion to physics. Some
claimed that social sciences, at an early age, attempted to
emulate the natural science ideal, which gives rise to the
cumulative development of social science knowledge, for
example, the mathematization of economics. A similar
trend can also be found in Sociology. In 1946, 54% of
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substantive articles in the American Sociological Review
(ASR) were completely theoretical without any form of
mathematical analysis, but that number dropped to 12%
in 1976 (Heise & Simmons, 1985). Such affinity did not
fade with time, yet became more prominent with the rise
of digital scholarship, big data, and biotechnology. The
recent zeitgeist in computational social science seems to
empower many social science disciplines with natural-
science-like research technologies to conduct quantitative
studies using human behavioral big data. Brain-imaging,
such as PET and fMRI, has also gained vast attention and
usage in the study of economics (Camerer et al., 2004),
psycholinguistics (Gernsbacher & Kaschak, 2003), infor-
mation science (Gwizdka et al.,, 2013), media studies
(Anderson et al., 2006), and sociology (Pickersgill, 2013),
by visually recording various forms of neural activity in
response to certain interventions in social contexts. These
research technologies borrowed from natural sciences are
believed to be significant ingredients to obtaining a high-
consensus rapid discovery model as observed in natural
sciences (Collins, 1994).

On the other side of the coin, natural sciences learn-
ing from social sciences is also repetitively encouraged
in philosophy, widely practiced in education, yet poorly
evidenced in the actual production of science. As early
as 1958, Harvard University initiated a fellowship pro-
gram to provide rigorous training in social sciences to
younger medical professionals and researchers
(Medical and Social, 1958). As for college education,
courses from social sciences can be found in the curric-
ulum of many natural science disciplines with social
implications, such as behavioral science and psychol-
ogy in medical science, and economics in engineering,
which leads to increasing involvement of social sci-
ences in academic degrees in STEM fields. In January
2021, the U.S. Department of Homeland Security
updated the list of STEM-designated degree programs
with eight new programs with connections to social sci-
ences, such as human-centered technology design and
mathematical economics.

Besides a growing presence in education, many natu-
ral scientists also celebrated the pre-eminence of social
science knowledge in the scientific research of human-
influenced or human-dominated systems. Meloni (2014)
argued that “biology is becoming social” by illustrating
how evolutionary biology, neuroscience, and molecular
biology are adjusting their view take on altruism, brain,
and gene, respectively, to a more social perspective. Con-
servation biology is perhaps one of the most active disci-
plines in disseminating social science knowledge to their
domain researchers through literature (e.g., Moon &
Blackman, 2014). There are not only calls to understand

social science knowledge and philosophy but also to
mainstream social sciences in conservation research
to enable “ecologically effective and socially just conser-
vation.” Bennett et al. (2017) introduced a full spectrum
of conservation social science, with 18 interdisciplinary
common grounds between the two, to facilitate a better
understanding of the potential of integrating social sci-
ence knowledge in conservation research. In synthetic
biology, an emerging field that can contribute both rice
producing beta-carotene and bioweapons, social scientists
are invited to take a more vital role in research programs
to provide discussions on ethical, legal, and social impli-
cations (ELSI), a required proponent in government-
funded research from both Europe, UK, and USA
(Calvert & Martin, 2009). However, it is often expected
for social scientists to be “contributors,” who contribute
ELSI ex post facto, or “brokers” between scientists and
the public, helping scientists navigate public controversy
(Calvert & Martin, 2009).

Based on the above-discussed examples, we hypothe-
size that natural science research mostly solicits assis-
tance from social sciences after the research has been
carried out (in discussion of implications), or before as a
general philosophical guide (encourage learning the
social perspective), but scantly in the course of research
(for methods and relevant knowledge). That is to say,
social science knowledge may be learned from, remem-
bered, and invited, but less frequently cited in the natural
science literature. Can one trace, pinpoint, and character-
ize the knowledge diffusion process from social sciences
to natural sciences in the scientific literature? This consti-
tutes our overall research question.

In this paper, we take life sciences, a branch of natu-
ral science studying living organisms and life processes,
as an example and hope to contribute in-depth and holis-
tic explorations of the knowledge flow from social sci-
ences to natural sciences. We tackle this topic by asking
three sets of questions as follows:

« To what extent do life sciences cite social sciences? What
is the degree of such citations and how does it evolve
over time? Do life sciences cite social science knowl-
edge? Do they obtain this knowledge directly from
social science venues/communities? Do they obtain
social science knowledge directly from social
scientists?

« What kind of research in life sciences is citing social sci-
ences? Does research in life sciences that employs
knowledge from social sciences only work on periph-
eral or interdisciplinary topics?

« What are the characteristics of the cited social sciences
knowledge? And for what purpose? Does research in life
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sciences cite social sciences with high-impact? During
such interdisciplinary knowledge seeking, does the
cited social science research tend to be more disciplin-
ary or interdisciplinary? Are social sciences cited in
sections that primarily provide theoretical or contex-
tual discussions or in those that focus on methods or
research design?

In the following sections, we first introduce the data
we employed and the analyses conducted for this study.
We then present and discuss the results in section 3 and
the last section concludes.

2 | DATA AND METHODOLOGY

We start by introducing our selected datasets and respec-
tive processing procedures. In section 2.2, we discuss the
research questions and explain our conceptualization and
operationalization of these questions. Figure 1 gives a
general outline of this study.

| JASIST BUIREE

2.1 | Data

2.1.1 | PubMed Central

To construct a viable dataset on life science publications,
we chose PubMed Central and obtained 230,585 publica-
tions records and their full-text data from PubMed Cen-
tral as the subject of this study. We believe it not only
provides a good representation of many important
branches of life science, such as biology and medicine,
but also curates detailed bibliographic information and
full-text data which can help inform both the volume
and location of references. Our dataset contains articles
published from 2005 to 2018 in seven journals, namely
PLoS Biology (n = 2,417), PLoS Computational Biology
(n = 5,486), PLoS Genetics (n = 6,970), PLoS Medicine
(n = 1,611), PLoS Neglected Tropical Disease (n = 5,735),
PLoS One (n=202,389), and PLoS Pathogens
(n = 5,977). From the obtained full-text data (in XML for-
mat), we followed the procedures described by Thijs
(2020) and retrieved three types of information:
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FIGURE 1

Diagram demonstrating the research design of this study. The upper panel introduces the used dataset and processing

procedures, and the lower panel describes the three research questions and three corresponding analyses.
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+ Bibliographic information such as title, journal, publi-
cation year, and DOI.

« Bibliographic information for the references listed in
the article, for instance, title, author, journal,
sequence, and so on.

« Section structures/names and corresponding refer-
ences (sequence in the reference list) are mentioned
within.

To obtain unified section structures for all publica-
tions, we mapped the section names into one of the five
categories: Introduction, Methodology, Results, Discus-
sion, and Others (IMRaD). The details of mappings are
described in Appendix A.1.

2.1.2 | Microsoft Academic Graph

A second dataset is harvested from Microsoft Academic
Graph (MAG) to provide the additional necessary infor-
mation, namely article-level classification and general
bibliometric information.

First, we used the article-level disciplinary classifica-
tions from MAG to assign publications and references in
our dataset to disciplines. Since the first dataset does not
provide complete DOIs for references, we, therefore,
matched references from PubMed with publications in
MAG using bibliographic information such as title,
author name, journal, and year. In total, 10,045,358 refer-
ences were successfully recognized and classified (95.2%
of the total). We used the second level of MAG's field
classification systems, which recognizes more than
290 fields. This classification serves two tasks: identifying
social science references, and identifying life science pub-
lications. In the first task, 60 fields are selected to repre-
sent social sciences following the approach from our
previous study (Zhou et al., 2022). The second task is con-
ducted to address the multidisciplinarity of PLoS One by
identifying life science publications within its portfolio.
Since life sciences are not provided as a category in MAG
classification, or as an individual branch in other major
bibliographic databases, we selected 75 fields from three
areas of the life sciences (see details in Appendix A.3),
namely biological and environmental sciences (22 fields),
medical and health sciences (43 fields), and agricultural,
earth, and marine sciences (10 fields). Focusing on these
fields, we retained 169,895 life science publications in
PLoS One (83.9%). For the other journals, we kept all
their publications since they are discipline-specific jour-
nals with a focus on certain topics in life sciences.

In addition, after having publications and their refer-
ences identified in MAG, we further retrieved several bib-
liometric indicators, for instance, the number of citations

after 2 years and the level of interdisciplinarity, to assist
our analyses. We introduce details of these indicators in
the next section.

2.2 | Analyses

In the Introduction section, we highlighted three groups
of questions that discuss the relationships between life
sciences and social sciences. Accordingly, we designed
three groups of analyses to tackle these questions one
by one.

2.2.1 | To what extent do life sciences cite
social sciences?

For the first group of questions, we aim to quantify the
scale of social science references in our recognized life
science publication set. For each reference, we extracted
three types of information on their disciplinary origin,
namely the discipline of the published contents (content-
based classification), the discipline of the publication
venue (venue classification), and the discipline of the first
author's affiliation (organizational classification). The
three classification schemes were adopted accordingly to
discuss three questions: Do life sciences cite social sci-
ence knowledge (content-based classification)? Do they
obtain this knowledge directly from social science
venues/communities (venue classification)? Do they
obtain social science knowledge directly from social sci-
entists (organizational classification)? We believe the
employment of three different classification schemes not
only contributes a nuanced understanding of the impact
of various actors in social sciences on life sciences but
also can be seen as robustness checks for the research
question. Regarding operationalization, the discipline of
the published contents was assigned using the article-level
classification from MAG, which is based on their textual
contents (Wang et al., 2020). This classification indicates
the origin of the cited knowledge. The disciplines of the
publication venues were assigned using the journal-level
Science-Metrix  classification scheme (Archambault
et al., 2011), indicating the community in which the cited
knowledge is embedded. The disciplines of the first
authors' affiliations were obtained and processed from the
affiliation texts recorded in MAG. We extracted the depart-
mental affiliations (secondary institutions such as depart-
ment, school, or center) of the first author and mapped
them into disciplines using an improved thesaurus from
our previous studies (Zhang et al., 2018). A detailed intro-
duction to extracting disciplines from affiliation texts can
be found in Appendix A.2.
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To quantify the scale of social science references, we
selected three indicators. We show in our previous study
(Zhou et al., 2023) that the latter two variables capture
two distinct aspects of the first variable, and all three
together provide interesting indications of interdisciplin-
ary knowledge flow.

+ Reference percentage: The percentage of references
from social sciences in all references. It answers the
question “How much weight do social sciences
account for in the entire knowledge base of life
sciences.”

 Reference broadness: The percentage of papers that cite
at least one reference from social sciences. It signals
the breadth of influence of social science reference.

« Reference intensity: For papers that cite references from
social sciences at least once, the percentage of social
science references in all references. It describes the
intensity of the influence of social science reference.

We conduct the analyses with both including and
excluding Psychology from social sciences and examine
the scale of social science references with or without Psy-
chology. We consider the inclusion/exclusion of Psychol-
ogy from social sciences for two reasons. First, given that
our publications focus primarily on biological and life sci-
ences, we speculate Psychology plays an important role
in their research. We are therefore curious to know if life
science publications cite other social science disciplines
as well. Second, it is debatable to classify references from
some subfields or interdisciplinary topics in Psychology
as social sciences, for instance, neuropsychology or bio-
logical psychology. To achieve a more robust estimate,
we believe it is necessary to conduct the analyses both
with and without Psychology.

222 |
sciences?

What kind of research is citing social

The second group of analyses investigates the characteris-
tics of life science publications citing social sciences
(which we will hereafter refer to as ‘“social science
citers”), if any. Specifically, we focus on the cognitive
location of social science citers.

Does life science research that cites social sciences
mainly come from peripheral regions or interdisciplinary
topics of their discipline? Or do social science publica-
tions also exert influence on the central or core topics in
life science disciplines? To answer this question, we first
constructed bibliographic coupling networks for each of
the seven journals in our dataset, with publications as
nodes and the number of shared references between

| JASIST BUIREE

them as edge weight. We used these networks to obtain a
cognitive map of the discipline(s) in which the journal
operates. The networks were processed using Node2Vec
(Grover & Leskovec, 2016) to obtain their meaningful
structures (50-dimensional vector representation) and
then fed to t-SNE (Van der Maaten & Hinton, 2008) for
dimension reduction (2-dimensional representation) and
visualization, following procedures reported by Shen
et al. (2019). We visualized the bibliographic coupling
networks for each journal and highlighted the locations
of social science citers. Next, we applied the Louvain
algorithm on the obtained networks to identify clusters
that denote different research topics in journals. This
allows us to investigate if the practice of citing social sci-
ences is limited to only a few specific topics or occurs
more widely and evenly in various topics in journals. In
addition, we also quantify the level of the cognitive
periphery of social science citers by calculating several
node centrality measures in the bibliographic networks
of journals, namely degree centrality, closeness centrality,
and eigenvector centrality. Since it is computationally
intensive to calculate several node centrality measures
for large networks (~200 k nodes), we take only publica-
tions from 2018 (~12k) to represent the journal
PLoS One.

2.2.3 | What are the characteristics of cited
social sciences knowledge? And for what
purpose?

The third group of analyses focuses on the characteristics
of cited social science references and hopes to understand
what kind of social science research is cited by life sci-
ences and for what purpose.

We focused on two characteristics of the cited social
science publications, namely interdisciplinarity and cita-
tion impact. The practice of citing social sciences can be
deemed an interdisciplinary knowledge-seeking behavior.
Does life science research need mostly disciplinary
knowledge from cited social science disciplines or does it
rely more on interdisciplinary publications that study the
same problems from a different lens? To examine
the level of interdisciplinarity of cited references, we
employed a Hill-type “true diversity” index (Hill, 1973) to
quantify interdisciplinarity as the diversity of disciplinary
categories in references. The index is designed as follows:

(Zilplz) 71’

where N denotes the total number of categories and p;
denotes the proportion of references in category i.
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Consider two papers A and B: A contains references from
two disciplines, each accounting for 50%, and its diversity
under this index is 2. B contains references from five dis-
ciplines, each contributing 20% references. Hence, its Hill
diversity index is 5. B, therefore, can be regarded as more
interdisciplinary than A since it utilizes more diverse
knowledge across disciplines.

Since disciplines exhibit different levels of interdisci-
plinarity (Zhou et al., 2022), we normalized the interdis-
ciplinarity values of cited publications as the
corresponding percentile among publications published
in the same field in the same year. In this way, we
ensured that we could assess the relative level of interdis-
ciplinarity of social science references without being con-
founded by disciplinary and temporal dynamics.

In addition, we were also curious to know whether
the cited publications are associated with greater citation
impact. We obtained the citation counts for all the social
science references and normalized them as the citation
percentile among publications with the same publication
type, from the same field, and in the same year. We pre-
sented the distribution of interdisciplinarity percentile
and citation impact of cited social science publications
and examined their relative status compared with their
disciplinary and coeval peers.

The analysis concludes by analyzing the
section distribution of social science references from our
publication set. Previous studies have shown that the sec-
tions where citations are embedded are indicative of their
general function since such logical writing structures illus-
trate the interpretation of cited articles by citing authors
(Bertin & Atanassova, 2014; Tahamtan & Bornmann, 2019).

Put together, we hope to contribute to the literature a
nuanced understanding of the nexus between life sci-
ences and social sciences and shed light on the connota-
tion and dynamics of interdisciplinarity.

3 | RESULTS AND DISCUSSION

3.1 | The prevalence of social science
references in life sciences

We begin the analyses with a thorough estimate of the prev-
alence of citations from life sciences to social sciences and
explore the following questions: Does research in life sci-
ences cite social science knowledge? Do they retrieve
knowledge directly from social science venues and
researchers or through immediate knowledge translators?
As shown in Figure 2a, we find that research in life
sciences not only cited social science knowledge (con-
tent-based classification) but also directly cited their com-
munities (venue classification) and researchers

(organizational classification). In 2018, 14.7% of publica-
tions in our publication set for life sciences cited at least
one reference from social sciences under content-based
classification on references. Social science knowledge
accounts for 1.5% of references in all publications (refer-
ence percentage) and 10.1% of references for publications
that cite social sciences (reference intensity). On the
other hand, looking at citations to social science journals,
the broadness of influence is slightly greater than that of
citing social science knowledge, yielding 1%-2% more cit-
ing publications since 2012. The percentage and intensity
of references from social science journals were around
1.5% and 9.1%, respectively, in 2018, roughly similar to
that of social science knowledge. As for citations to publi-
cations with first authors from social science depart-
ments, we observed that 19.1% of life science publications
in our data cited at least one reference from this category
in 2018. However, references in this category only occupy
1.1% of all references and are associated with 5.7% refer-
ence intensity on average in 2018. Put together, we esti-
mate that social sciences influence around 15%-19% of
life science publications and account for 1.1%-1.5% of ref-
erences in 2018. According to the strictest interpretation
(a reference belongs to social sciences only if all three
classifications agree), we find that 7.8% of life science
publications in 2018 are classified as citing social sci-
ences. According to the broadest interpretation
(a publication belongs to social sciences if one classifica-
tion classifies it as such), 28% of publications cite social
science references.

Another pattern we observe is the growing prevalence of
social science references in our life science publication set
under all three classification methods and all the employed
measures. For instance, under the content-based classifica-
tion of references, the broadness of social science references
grew from 12.1% in 2005 to 14.7% in 2018. The percentage of
social science references also increased from less than 1% to
1.5% over 13 years. Looking at journals separately, we find
that some journals do not exhibit growing usage of social sci-
ence references and only maintain them at a lower level.
Throughout the observed period in our dataset, only 1%-2%
of publications in PLoS Pathogens and 4%-7% of publications
in PLoS Genetics cited social science references and we could
not find upward trends in usage. It is therefore important to
note that although we regard life sciences as an integral set
in this analysis, one could observe different patterns in some
subfields in life sciences that are weakly influenced by social
sciences. Our estimations and observations cannot be lifted
out of their embedded contexts.

On the other hand, it should be further noted that
Psychology contributes the majority of social science ref-
erences in our life science publication set. Excluding Psy-
chology from these analyses, one can see that the
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FIGURE 2 The growing prevalence (a) citing all social sciences
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influence of social sciences without Psychology is sub-
stantially smaller, although not negligible. In Figure 2b
we show that the broadness of social knowledge exclud-
ing Psychology was 8.5% in 2018, down by 42.2% com-
pared to including Psychology. The shrink in reference
percentage is more significant, which decreased to 0.35%
under content-based classification, 0.40% under venue
classification, and 0.55% under organizational classifica-
tion (shrink by 76%, 72%, and 48%, respectively). None-
theless, we could also find the growing prevalence of
social science references in recent years, as shown by the
increasing value for three measures and all three classifi-
cation schemes. In summary, we estimate that social sci-
ences excluding Psychology influence around 8%-14% of
life science publications and account for 0.4%-0.6% of ref-
erences in 2018.

3.2 | The cognitive location of social
science citers

After confirming and estimating the presence of social
science references in our life science publication set, we
further question the characteristics of these social science
citers in life sciences.

We begin by visually displaying the obtained cogni-
tive maps of six discipline-specialized journals and one
multidisciplinary journal (PLoS One) in our dataset and
pinpoint the relative location of publications that cite at
least one reference from social science journals, as shown
in Figure 3. We observe that publications that cite social
sciences are widely distributed in the cognitive terrain of
respective journals and appear in multiple clusters
(topics). For instance, looking at the 17 largest clusters in
each journal (covering around 89% to 100% of publica-
tions in discipline-specific journals and 69% for PLoS
One), we find that social science citers exist in the major-
ity of clusters in journals, ranging from 12 for PLoS Biol-
ogy to 17 for PLoS Neglected Tropical Diseases. If
including Psychology in social sciences, all 17 largest
clusters in each journal include publications that cite
social sciences. In addition, we observe that social science
citers can not only be found in the peripheral topics of
each journal but also in central regions, as indicated by
the distribution of centrality of these publications in the
respective journals (Figure 4c).

However, the level of concentration of social science
citers across clusters is different by journals. Through
visual inspection, we can see from Figure 3 that two clus-
ters in the lower region of PLoS Biology are populated
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with social science citers but they are rare in the other
clusters. On the other hand, for PLoS Medicine, it is diffi-
cult to visually determine which cluster hosts more social
science citers. To provide a precise assessment of the level
of concentration, we calculated the Gini coefficient of the
number of social science citers across the 17 largest

clusters for each journal and presented their distribution
through Lorenz-curve-style plots in Figure 4a. PLoS
Genetics and PLoS Biology exhibit the highest level of con-
centration of social science citers in topics, with a Gini
coefficient of 0.62 and 0.57, respectively. In these two
journals, around 60% of the social science citers can be
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found in only two clusters. The two clusters in PLoS Biol-
ogy relate to research on topics from Ecology such as bio-
diversity and topics from Neuroscience such as visual
cortex and perception. The two clusters in PLoS Genetics
relate to research on topics such as population genetic struc-
ture and natural selection. Since these topics are deeply
embedded in sociological, psychological, or demographical
contexts, the participation of social sciences is essential in
their research agenda. However, social science citers in
PLoS Biology are on average associated with lower centrality
percentiles (eigenvector and closeness), while social science
citers of PLoS Genetics are mainly found in the higher-
centrality regions of the network. This signals different cou-
pling relationships between the life sciences and the social
sciences that could emerge in the peripheral topics as well
as the core topics in disciplines. On the other hand, in some
other journals (e.g., PLoS Pathogens) social science citers
are more evenly distributed across clusters. In these cases,
social science references are utilized sporadically and solely
for the citing publication itself to serve their special research
setting, not as a collective demand for their research topic
in general.

We also observe some knowledge combinations that
bridge concepts from life sciences and social sciences and
form interdisciplinary topics. We discuss two examples.
The first example (the orange polygon in Figure 3)
involves the highlighted cluster in PLoS Computational
Biology in Figure 3. Upon examination of the titles of the
publications that cite social sciences, we find that
the most frequent keywords of these publications are
phasic dopamine, dopamine signals, decision-making, and
percentual decision. The most cited social science
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keywords retrieved from references’ titles are prospect the-
ory, risk, choice, and decision. These publications feature
research that combines economic theories and computa-
tional models to understand decision-making behaviors
under risk. For instance, in a paper by Chen et al. (2017)
on explorative motor learning, they adopted the relative
understanding of gain and loss in prospect theory (Kai-
Ineman & Tversky, 1979), that is, interpret gain or loss
relative to a certain reference point, and studied the
“action change relative to the current highest score”
(p- 16). Building on prospect theory, they suggested
modeling explorative motor learning as “a sequential
decision-making process that is adjusted for motor noise”
(p. 1). In the second example (the blue polygon in
Figure 3 for PLoS Neglected Tropical disease), we observe
life science publications on parasitic infections such as
Helminth or Schistosoma mansoni are citing social sci-
ence publications with keywords such as school children,
educational enrollments, and wealth effects. One fre-
quently cited publication in this cluster is from Demogra-
phy, titled “Estimating wealth effects without expenditure
data—or tears: An application to educational enrollments
in states of India” (Filmer & Pritchett, 2001). Seventy per-
cent of citations from this journal to this paper are found
in this cluster. This paper proposed proxy indicators of
household wealth based on the asset ownership of indi-
viduals. Research on these infections, therefore, utilized
the proposed indicators to assess the wealth status of
infected individuals to uncover the association between
socio-economic  status and infections (Campbell
et al., 2017; Knopp et al., 2010), which contributes to
effective prevention or treatment strategies.
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In addition to topic-specific knowledge combinations,
we also found some social science knowledge that receives
attention from multiple topics within journals, for instance,
interest in causal inference from Econometrics. Figure 4b
shows that publications citing references relating to causal
inferences span multiple clusters and are widely distributed
in the cognitive map of PLoS Computational Biology. How-
ever, we would also like to point out that the application of
causal inference in this field seems to strike root in biologi-
cal research and emerged variants of causal models that are
more applicable to biology research, for example, Dynamic
Causal Modeling for fMRI (Stephan et al., 2008), granger
causality for attention networks (Wen et al., 2012). The
cited publication on causal inference is predominantly pub-
lished in Biology journals such as Neuroimage or Journal of
Neuroscience, instead of core journals in Econometrics. In
these cases, it is debatable to classify these references as
social sciences, at least not directly.

3.3 | The characteristics and
section location of social science references

The last analyses look into the cited social science refer-
ences and investigate (1) what kind of social science pub-
lications are cited by life science research, and (2) where
and for what purpose they are cited.

3.3.1 | The characteristics of social science
references: Interdisciplinarity and citation
impact

The endeavor of life science publications citing social sci-
ences can be regarded as interdisciplinary knowledge-
seeking practices that are exploratory and unpredictable,
compared to citing knowledge from their own domain.
When crossing disciplinary borders, what kind of knowl-
edge did life science research retrieve from social sciences?
We first investigated the level of interdisciplinarity of
cited social science publications, quantified as the relative
diversity of disciplinary categories in references. We
found that the cited social science publications are on
average associated with a higher level of interdisciplinar-
ity within their disciplines (Figure 5, left). It means that
the majority of social science citers are citing the more
atypical and interdisciplinary social science knowledge.
On the other hand, we also see that PLoS Medicine and
PLoS Pathogens cited a noticeable proportion of social sci-
ence knowledge that is rather typical and disciplinary.
We briefly discuss the connotation of these two scenarios
and illustrate them using examples from information sci-
ence as a cited social science discipline. In the first

scenario (the cited are more interdisciplinary), one possi-
ble explanation is that the cited social science research
works on similar interdisciplinary topics that span both
social sciences and life sciences, hence high interdisci-
plinarity. Therefore, life science research cites this cate-
gory of social science papers to find interdisciplinary
companions that share similar research interests and
work on the same topic from a different angle, that is to
say, transdisciplinary homogeneity. For instance, the
information needs or information behavior of patients and
clinical professionals are studied by researchers from both
library and information science (Jerome et al., 2001) and
clinical research (Crangle et al., 2018). The common interest
encouraged the emergence of clinical informatics and dedi-
cated research centers. Under this category, such citations
should be categorized as interdisciplinary but two interdisci-
plinary actors cite each other reciprocally. The latter sce-
nario (the cited are less interdisciplinary) may capture
interdisciplinary activities that aim to retrieve theories or
methods that emerge and develop in extramural fields.
Their agenda may be to harvest what the cited fields are
good at and what they do not currently possess, that is,
interdisciplinary heterogeneity (Henneke & Liithje, 2007).
For instance, publications on indexing (Deerwester
et al., 1990) or term weighting (Salton & Buckley, 1988)
were cited by biological research that studied biomedical
relationships (Chadwick et al, 2012; Percha &
Altman, 2015) and genetic similarity (Murray et al., 2017).
Bibliometric tools (Chen, 2006) and techniques, such as text
mining (Smalheiser, 2012), are also cited by natural science
research to assist in mapping knowledge domains
(Breugelmans et al., 2015; Gao et al., 2017) or knowledge
discovery (van Haagen et al., 2013).

Regarding the citation impact, it is clear that the cited
social science publications exhibit a very high level of
citation impact compared to other publications from the
same field and published year (Figure 5, right). It is possi-
ble that life science research intentionally selected
research that had obtained high citations and regarded
them as “good” research to ensure the quality of informa-
tion seeking while lacking expertise in social sciences.
Another hypothesis is that the cited social science
research achieved a high impact since it is cited and
adopted by multiple fields. Nonetheless, life science
research is obtaining knowledge primarily from the most
influential works in social sciences.

3.3.2 | The section location of social science
references

The section locations of references are indicative of the
purpose of knowledge borrowing in the design of
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FIGURE 6

The section location of social science references. (a) temporal evolution in the proportion of social science references in

different sections; (b) the proportion of references in the Introduction and Method for various social science disciplines. The vertical dashed
line denotes the proportion in the Method section for all references (13.1%), while the horizontal line denotes that of the Introduction
section (37.5%). Ten disciplines with the highest percentage of references in the Method section are highlighted in bold.

research by authors. Of all the references we recognized
in our dataset, most references reside in the Introduction
(37.5%), and Discussion (36.9%), respectively. This is con-
sistent with findings from Bertin et al. (2016) that the
Introduction and Discussion sections host the most refer-
ences. 13.1% of references can be found in the Methodol-
ogy section, whereas the Results section holds the least
(12.4%). For the classified social science references (venue
classification), we find them most frequently in the Intro-
duction (41.5%) and Discussion (39.7%), and least fre-
quently in the Results section (5.1%). 13.7% of references
are cited in the Methodology section of life science publi-
cations. Considering social science disciplines excluding
Psychology, we find 22.1% of references in the Methodol-
ogy section. Over the observed periods, we found a
greater proportion of social science references in the
Introduction section (Figure 6a), which is consistent with
the pattern of all the references. More than 80% of refer-
ences are cited only in one section. 15.1% of social science
references are cited in two sections (11.7% for social sci-
ence disciplines except Psychology), which is similar to
all other references (15.5%). Regardless of the discipline
of references, the Introduction and Discussion
section share the most references—all social science:
10.9%, social science except Psychology: 6.6%, non-social
science: 8.8%.

Furthermore, we delve into the distribution of refer-
ences in sections for different social science disciplines to
uncover if they deliver different functions in their rela-
tionships with life sciences. In Figure 6b, we highlighted

the percentages of references from various social science
disciplines in two sections particularly, namely Introduc-
tion and Method. For most social science disciplines, they
contributed a higher percentage of references in the
Introduction section than the average level. Surprisingly,
more than half of the social science disciplines contribute
a higher percentage of references in the Methodology
section than the average level. Two disciplines contribute
more than 50% of references in Methodology, namely
Social Science Method, and Econometrics. Information &
Library Science, Finance, and Sociology also provided
24%-34% of their references to the Methodology
section in our life science publication set.

In summary, we observe that publications from social
sciences not only support life science research in sections
that primarily discuss backgrounds, theories, and impli-
cations, namely Introduction and Discussion but also
participate in the research design and methodology-
related sections. Nonetheless, various social science disci-
plines play different roles in exporting knowledge to life
sciences, some contribute primarily method-related
knowledge yet some are more helpful in the theoretical
aspects of the research.

4 | CONCLUSION

This study takes life science publications in seven jour-
nals in PLoS collections as an example and attempts to
characterize the volume and trajectory of citations from

85U8017 SUOWIWOD SA 81D 8 [deot[dde aup Aq peusenob a.e sejole YO ‘9SN Jo Sojni o} AkeuqiT8UIIUQ AB]I/ UO (SUONIPUOD-pUe-SWB) L0 A 1M Alelq Ul juo//SAny) SUORIPUOD pue SWiS 1 81 88S " [720z/50/.22] uo Akeidiauljuo A(1m ‘usdiemiuy 1R1SBAIN AQ T68YZ 1S2/200T 0T/I0p/W0d" A3 1M ARIq U IUO" [PIS Se//:Sdny Wouy pepeojumod ‘0 ‘Er9TOEES



ZHOU ET AL.

A EAS JASIST

life sciences to social sciences. Three groups of questions
are explored: To what extent do life sciences cite social
science? What kind of research in life sciences is citing
social sciences and could one find any characteristics of
these citers? What are the characteristics of cited social
science knowledge, and for what purpose? To tackle
these questions, we designed three groups of analyses
and hope to delineate the characteristics of various actors
in this set of knowledge diffusion and gain a better
understanding of the role of social sciences with regard
to life sciences.

Our results show that natural science publications in
our dataset are not only citing social science knowledge
but also directly citing their journals and researchers.
From 2005 to 2018, a greater percentage of life science
publications cited social sciences, which also accounts for
more references. We estimate that social science disci-
plines influence around 15%-19% of life science publica-
tions and accounted for 1.1%-1.5% of references in 2018.
If excluding Psychology, the rest of the social science dis-
ciplines influenced around 8%-14% of life science publi-
cations and accounted for 0.4%-0.6% of references in
2018. When pinpointing the cognitive location of these
social science citers, we see that they appeared in the
majority of topics (clusters) within life science journals
and can be found in both the periphery and central topics
in their respective disciplines. Some journals, for exam-
ple, PLoS Genetics and PLoS Biology, exhibit a greater
concentration of social science citers in a few topics,
whereas that of other journals is more scattered. The
cited social science publications are associated with
the greatest citation impact within their coeval peers in
their disciplines and seem to exhibit either the highest or
the lowest level of interdisciplinarity. Zooming in on the
reference section to infer citation purpose, we see that
Introduction and Discussion hold the most social science
references. Many social science disciplines are cited more
heavily also in the Methodology sections than the average
level: more than 50% of references from Social Science
Method and Econometrics are found in the Methodology
section, and 24%-34% for Information & Library Science,
Finance, and Sociology. We show that social sciences
contribute to both the theoretical and methodological
aspects of some life science research.

Through empirical evidence from publications, we
discuss the diverse contributions from social sciences to
life sciences and the growing affinity between the two
branches. Although focusing on citations in one direc-
tion, we would argue the narrowing gap is achieved by
both parties. On the one hand, life sciences are increas-
ingly citing social sciences; on the other hand, social sci-
ences are also becoming more interdisciplinary (Zhou
et al, 2022) so that more research merges with life

science and is more “citable” by the life science commu-
nity. To further bridge the two branches, researchers
from both sides should gain a better understanding of
each other's research practices and create favorable con-
ditions for communication and collaboration. We discuss
one example. From our case studies and as pointed out
by Porter (1994), statistics and data-oriented knowledge
become one of the weightiest and most commutable fac-
tors that facilitate the knowledge diffusion between natu-
ral and social sciences. Data on the socioeconomic status
of a population could be utilized in natural science
research to factor human activities in natural systems.
However, data sharing is reported to be the least prac-
ticed or preferred among social science researchers and
the least involved by research institutions for a formally
established data-managing process (Tenopir et al., 2011).
In social scientists’ defense, it could be that their data
may be “sensitive to human subject of ethical guidelines”
(Tenopir et al., 2011, p. 6), which impedes easy and
unconditional sharing of data. Nonetheless, it is neces-
sary to propose standardized and suitable data publish-
ing/sharing protocols or tools for social sciences and
techniques of merging natural and social data, for
instance, through a uniform scaling system (Richter
et al., 2022). In addition to advocating for communication
between scientists, we encourage research institutions
and science policymakers to think deeply about infra-
structure building for better interdisciplinary knowledge
diffusion.

Our study's approach to characterize the presence
and influence of social science research could be applied,
at least partially, by research management entities for
diverse purposes. For instance, using similar analyses,
universities may benchmark their research portfolio
against our findings to gain insight in the extent to which
their life science research incorporates social science
knowledge. For instance, do STEM universities exhibit
deficit in social perspectives in research given the lack of
social science departments? If so, what initiatives can be
taken to equip their researchers with the necessary social
science knowledge to avoid being trapped in disciplinary
silos or out-of-touch with potential social issues and solu-
tions? Admittedly, implementing all the analyses dis-
cussed in this article within research management
frameworks could pose challenges for smaller institu-
tions, primarily due to constraints like data access and
computational resources. However, recent advancements
in open research data, spearheaded by initiatives such as
OpenAlex (Priem et al., 2022), could significantly facili-
tate this process. In addition, the life science research
community in general, and its various communication
actors, for example, journals, may also want to survey
and monitor emerging social science knowledge that has
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been employed or is potentially useful to their research.
Such an initiative may speed up and broaden the spread
of up-to-date, high-quality social science knowledge,
enabling researchers from all status to seize interdisci-
plinary opportunities. As the emphasis on the social
responsibilities of research and engagement with major
societal challenges grows, it is crucial for natural science
researchers to have a deeper understanding of their ulti-
mate end-users: society at large, and the scientific princi-
ples that govern it.

Finally, we must stress that this study is limited to the
dataset we adopted, which covers mostly the animated
branches of natural sciences, namely biomedical and life
sciences. These disciplines may exhibit greater affinity
with social sciences in nature since they research human-
related topics. It is possible that disciplines less covered
in this study, such as Physics and Chemistry, cite fewer
references from social sciences. Results from this study
may represent the upper limit of natural sciences citing
social sciences. In future research, we may expand our
analyses to other branches of natural science and depict
more interesting aspects of interdisciplinary flow, such as
the qualitative/quantitative orientations of the citing and
the cited publications, and the exact trajectory and actor
of knowledge diffusion.
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APPENDIX A

A1 | Mapping section names to unified

section structures (IMRaD)

To be able to pinpoint the location of social science refer-
ences for all articles, one must have a unified
section structure such as IMRaD (Introduction, Method-
ology, Results and Discussion) to make comparisons pos-
sible. We therefore mapped section names into six
unified sections, namely Introduction, Methodology,
Results, Discussion, SI, and Others. The mapping is con-
ducted in three steps.

First, for each unprocessed section name, we searched
for keywords listed in Table A1 and mapped them to
according unified sections. Second, if one unprocessed
section name is mapped with multiple unified sections,
we perform the following two tasks. Priorities are given
to ‘SI’ and Results since the search keywords are more
specific for them. Next, we compared the currently
mapped section names with the last adjacent section and
removed what had already occurred in the previous
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TABLE A1l
section structures.

Keywords for mapping section names to unified

Mapped section  Keywords

INTRODUCTION introduction, background, motivation

METHODOLOGY method(s), material(s), methodology,
dataset, database

RESULTS result(s)

DISCUSSION discussion(s), conclusion(s), limitation(s),
summary

SI supporting, supplementary, appendix,
competing interests, data availability,
corresponding author

OTHERS correction(s)

section. Third, the unmatched cases are handled. If it
occurs at the beginning of the document, we classify it as
Introduction; otherwise, it is classified as the same
mapped section as its previous section.

A.2 | Extracting departmental affiliations of
authors and mapping to disciplines
To recognize researchers who work in departments from
social sciences, for each reference in our dataset, we
obtained the address line of the first author and pro-
cessed the texts in the following steps.

First, the texts are segmented by punctuation marks
such as comma (,), semicolon (;), and forward slash (/).

Second, we identify secondary institutions, that is,
departmental affiliation, by searching a list of cue words
in segmented texts. The following words are used to rep-
resent secondary institutions: department, school, center/
centre, college, institution/institute, lab, association, fac-
ulty, division, hospital, unit, program, discipline, clinic,
group, and team. For texts that contain “college” and
“institute,” we only consider it as the secondary institu-
tion if it occurs at the beginning of the address line so
that institutions such as “College of William & Mary” or
“Massachusetts Institute of Technology” would not be rec-
ognized as secondary institutions.

Finally, we used an improved thesaurus from our pre-
vious studies (Zhang et al., 2018) and classified secondary
institutions into 13 disciplines: Medicine, Biology,

Agriculture & Environment, Social Science, Engineering,
Chemistry, Geosciences & Space Sciences, Economy &
Management, Physics, Mathematics, Computer Science &
Information Technology, Psychology, Arts & Humanities.

We used three discipline labels, namely Social Sci-
ence, Economy & Management, and Psychology, to denote
social sciences in the first author's affiliation. We classify
a secondary institution as social sciences only if it con-
tains cue words from the above three discipline labels in
our thesaurus. Therefore, secondary institutions with
interdisciplinary traces, for example, the Center for Clini-
cal and Genetic Economics, will not be classified as social
sciences in this study.

The above processing procedures were conducted
using the VantagePoint software (www.thevantage
point.com).

A.3 | List of life science disciplines (MAG L1
classification)
Biological and Environmental Sciences (22 fields):

Agricultural Science, Agronomy, Animal Science,
Biochemistry, Bioinformatics, Biology, Botany, Cell Biol-
ogy, Ecology, Environmental Health, Evolutionary
Biology, Food Science, Genetics, Horticulture, Immunol-
ogy, Microbiology, Molecular Biology, Neuroscience,
Oceanography, Paleontology, Physiology, Zoology.
Medical and Health Sciences (43 fields):

Alternative Medicine, Anatomy, Andrology, Anesthe-
sia, Biomedical Engineering, Cancer Research, Cardiol-
ogy, Clinical Psychology, Computational Biology,
Dentistry, Emergency Medicine, Endocrinology, Family
Medicine, Gastroenterology, General Surgery, Genetics,
Gynecology, Intensive Care Medicine, Internal Medicine,
Medical Emergency, Medical Physics, Medicinal Chemis-
try, Nursing, Nuclear Medicine, Obstetrics, Oncology,
Ophthalmology, Optometry, Pathology, Pediatrics, Phar-
macology, Physical Medicine & Rehabilitation, Physical
Therapy, Psychiatry, Psychoanalysis, Psychotherapy,
Radiology, Surgery, Toxicology, Traditional Medicine,
Urology, Veterinary Medicine, Virology.

Agricultural, Earth, and Marine Sciences (10 fields):

Agricultural Science, Agronomy, Animal Science,
Botany, Ecology, Environmental Health, Food
Science, Horticulture, Oceanography, Paleontoloy.
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