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Abstract

Interdisciplinary research is essential for the study of complex systems, and so there is a
growing need to understand the factors that facilitate collaboration across diverse fields of
inquiry. In this exploratory study, we examine the composition of self-organized project
groups and the structure of collaboration networks at the Santa Fe Institute’s Complex Sys-
tems Summer School. Using data from all iterations of the summer school from 2005 to
2019, comprising 823 participants and 322 projects, we investigate the factors that contrib-
ute to group composition. We first test for homophily with respect to individual-level attri-
butes, finding that group composition is largely consistent with random mixing based on
gender, career position, institutional prestige, and country of study. However, we find some
evidence of homophilic preference in group composition based on disciplinary background.
We then conduct analyses at the level of group projects, finding that project topics from the
Social and Behavioral Sciences are over-represented. This could be due to a higher level of
baseline interest in, or knowledge of, social and behavioral sciences, or the common appli-
cation of methods from the natural sciences to problems in the social sciences. Conse-
quently, future research should explore this discrepancy further and examine whether it can
be mitigated through policies aimed at making topics in other disciplines more accessible or
appealing for collaboration.

1 Introduction

“Among chosen combinations the most fertile will often be those formed of elements
drawn from domains which are far apart.”

- Henry [1].
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“If you'’re going to do interdisciplinary studies and enter someone else’s domain, the least
you should do is take their questions very seriously. They’ve spent a long time formulating
them.”

- John Holland, as cited in [2].

Interdisciplinary research is essential for the study of complex phenomena, and so there is
a growing need to understand the factors that facilitate collaboration across diverse fields
of inquiry. Overspecialization has long been viewed as a root cause of fragmentation in sci-
ence [3, 4], prompting many researchers to advocate for increased interdisciplinary work
in order to break down silos and address problems spanning multiple subjects [5]. In light
of its perceived benefits, many research institutions and funding agencies have developed
programs to encourage interdisciplinary research and collaboration, such as the Canadian
Institute for Advanced Research, the MacArthur Foundation, and the Santa Fe Institute
(6].

There are, however, several barriers to interdisciplinary research. First, there are institu-
tional challenges, including discipline-focused incentive structures around faculty hiring, pro-
motion, and research funding [7, 8]. Second, there are cognitive obstacles stemming from
conflicting epistemic values, conceptual frameworks, and methodologies [9, 10]. This can be
particularly challenging in collaborations among natural and social scientists, especially when
the contributions of the latter are devalued by the former. Social psychologist Thomas Heber-
lein argues that there is a widespread assumption that the natural sciences are more rigorous,
and therefore more highly regarded, than the social sciences [11]. While empirical data on this
phenomenon is limited, one study found that earth scientists consider social scientists to be
significantly less competent than natural scientists [12]. However, the study also shows that
earth scientists hold more positive perceptions of social scientists if they have worked with
them in the past. This is in line with [13], who conclude that natural scientists who had previ-
ously collaborated with social scientists view themselves as better able to make intellectual con-
tributions in an interdisciplinary setting than those who had not. It may be difficult to bridge
this divide, however, without initiatives designed to build relationships between scholars from
different disciplines. For example, few publications in groundwater research integrate both
natural and social sciences, in spite of the field being inclined toward interdisciplinarity [14].
Furthermore, researchers in disciplines such as physics and chemistry are less likely to engage
in interdisciplinary research than those affiliated with disciplines that are more strongly ori-
ented to practical applications [15].

A deeper understanding of interdisciplinary research is becoming increasingly important
with the growing recognition that “integrated studies of coupled human and natural systems
reveal new and complex patterns and processes not evident when studied by social or natural
scientists separately” [16]. Furthermore, greater computational power and access to large data
sets have made it possible for researchers to pursue new scientific questions across disciplines
[17]. As a result, there is a need for renewed study of interdisciplinary collaborations that
employ advanced technological tools to address under-explored areas of inquiry.

In this paper, we conduct an exploratory study of interdisciplinary collaborations at the
Santa Fe Institute’s Complex Systems Summer School (CSSS). George Cowan, the Institute’s
founding president, felt that “the traditional disciplines had become so entrenched and so iso-
lated from one another that they seemed to be strangling themselves” [2]. The Santa Fe Insti-
tute was conceived as an antidote to this problem. Today, it brings together scholars from a
wide variety of disciplinary backgrounds to study complex adaptive systems and emergent
phenomena, with CSSS serving as one of its leading educational programs. Described as “an
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intensive four-week introduction to complex behavior in mathematical, physical, living, and
social systems” [18], CSSS attracts and selects for a diverse set of graduate students, faculty,
and professionals from around the world. Participants self-organize to undertake research
projects on topics of their choosing, with many collaborations extending beyond the duration
of the program.

Our study aims to understand what factors are associated with the composition of project
groups at CSSS. We investigate individual and project-level characteristics. At the individual
level, we explore participant gender, career position, institutional prestige, country of study,
and disciplinary background as potential contributing factors. At the project level, we analyze
the role of project discipline. Our research provides an opportunity to examine the structure of
interdisciplinary collaborations that emerge in the absence of significant institutional con-
straints and presents a unique case study that may contribute to broader understandings of
interdisciplinary research.

2 Methods
2.1 The Complex Systems Summer School

The Complex Systems Summer School (CSSS) is an annual month-long workshop hosted by
the Santa Fe Institute in Santa Fe, New Mexico. The program advertises itself as broadly inter-
disciplinary, but with a focus on topics relevant to the study of complex systems, such as net-
work theory, nonlinear dynamics, scaling, simulation, and statistical inference. Participants
live and work together for the duration of the program, attend lectures and social events, and
undertake one or more collaborative research projects that culminate in a presentation and
paper.

Projects are developed entirely by participants, with topic selection and group formation
occurring in several ways. Some participants suggest ideas and data sets from their own
research, whereas others propose topics that interest them but are outside the scope of their
usual work. In addition, many topics are inspired by lectures and conversations with profes-
sors and other participants throughout the program. In 2019, for example, a number of proj-
ects emerged from a brainstorming session held in the first week of the program, during which
participants were encouraged to share ideas on a whiteboard and sign up for the topics they
found most appealing. There are no limitations on project topics, nor are there any require-
ments regarding group composition. While projects with only one member are permitted,
they rarely occur, accounting for only 17 of 322 total projects in our data. The modal group
size of projects is 4. Participants must take part in at least one project, although they are typi-
cally involved in multiple.

The program solicits applications from graduate students, postdoctoral researchers, faculty,
and government and industry professionals from around the world. The basic requirements
include English proficiency and some STEM background, and in recent years, the program
has encouraged applications from members of underrepresented groups and individuals from
non-STEM disciplines. As of the 2019 iteration, the application consisted of two letters of
recommendation, a CV, and a statement of research interests. There is no publicly available
information on the evaluative criteria used to determine acceptance, although the program
boasts a large and competitive pool of applicants. Upon admission, prospective participants
are required to register and pay a fee, typically funded by their university, to cover program
tuition, materials, accommodation, and meals. While not prohibited, our data does not include
any participants who attended more than one iteration of the summer school.
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2.2 Data collection

All data used in our analysis are publicly accessible. We manually scraped participant metadata
from the publicly available CSSS Wiki for each iteration of the summer school held in Santa Fe
between 2005 and 2019. These Wikis are used to aggregate logistic, lecture, and project infor-
mation for the summer school, and facilitate communication between participants (an exam-
ple Wiki can be found at https://wiki.santafe.edu/index.php/Complex_Systems_Summer
School_2019_(CSSS), and links to the other Wikis can be found at https://wiki.santafe.edu/
index.php/Main_Page). The Wikis contain a biographical page for each participant, with self-
reported personal details and academic interests. They also include project titles, descriptions,
and group members. Our initial scraping of participant and project metadata yielded 1,024
participants and 363 projects. Unfortunately, the use of each Wiki was highly idiosyncratic
with some variation in use over time. In particular, we excluded the 2011 iteration of CSSS
from our analysis due to lack of biographical and disciplinary information. Similarly, we
excluded individuals for whom no discipline could be ascertained from all discipline-based
analyses. This issue primarily affected the 2005 iteration of CSSS, for which disciplinary infor-
mation could not be established for the majority of participants. After accounting for these
irregularities, we were left with 823 participants and 322 unique projects.

We extracted name, institutional affiliation, and biographical information for each partici-
pant listed on the Wiki for every available year. Institutional affiliations were manually cleaned
and disambiguated. Position was categorized as “Student”, “Faculty”, which includes postdocs
and professors, or “Not Academia”, the latter of which were primarily affiliated with industry
and government organizations. In addition, institutional prestige was assigned as a binary vari-
able indicating whether the participant’s institution was in the top 50 as rated by the 2019
Academic Rankings of World Universities [19]. A gender of “Male”, “Female”, or “Other/
Unknown” was assigned to participants based on information they supplied in their biogra-
phy. We manually assigned participant disciplines as one or more of the 19 categories that
comprise the UNESCO ISCED Fields of Study [20] based on information supplied in their
biography. In the case of multiple possible discipline classifications, a primary discipline was
assigned based on a judgement among all the authors. If there was not enough information
available to determine a discipline, we labeled it as unknown. For each project, we extracted
the project title, description, and group members as stated on the Wiki or in the CSSS Proceed-
ings Book, a collection of abstracts and associated authors for all projects in a given year. Based
on the title and description, we manually assigned a UNESCO ISCED discipline to each proj-
ect, as we did for participants. Anonymized data and code for our analysis is available from
https://www.github.com/fdabl/Analyzing-CSSS/.

Descriptive statistics regarding each iteration of CSSS can be found in Table 1. While there
is some year-to-year variation, participants were largely male and affiliated with academic
institutions in the U.S. In addition, the majority were Master’s or PhD students. The program
has expanded in recent years, with 81 participants in 2019. Total counts of participants and
projects by discipline over all years of CSSS can be found in Table 2.

2.3 Networks and measures

We assessed the structure of participant collaborations by constructing network representa-
tions for each iteration of the summer school (see S12-S25 Figs in S1 Appendix). A node was
created for each participant (colored by participant discipline), with edges representing collab-
orations between participants on a project (colored by project discipline). All analyses were
performed using R 3.6.1 [21], and network-based analyses were completed using the Diagram-
meR package [22].

PLOS ONE | https://doi.org/10.1371/journal.pone.0246260 February 1, 2021 4/16


https://wiki.santafe.edu/index.php/Complex_Systems_Summer_School_2019_(CSSS)
https://wiki.santafe.edu/index.php/Complex_Systems_Summer_School_2019_(CSSS)
https://wiki.santafe.edu/index.php/Main_Page
https://wiki.santafe.edu/index.php/Main_Page
https://www.github.com/fdabl/Analyzing-CSSS/
https://doi.org/10.1371/journal.pone.0246260

PLOS ONE

Analyzing interdisciplinary collaborations at the Complex Systems Summer School

Table 1. Descriptive data for the Complex Systems Summer School from 2005-2019.

Year # Participants # Projects % Female % U.S. % Student % Faculty % Inter
2005 44 17 0.34 59.6 - - 91.5
2006 45 22 0.42 58.5 67.9 7.5 47.2
2007 65 32 0.25 59.1 67.3 21.8 20.0
2008 53 17 0.24 47.0 77.3 12.1 18.2
2009 48 29 0.34 61.1 86.7 2.2 6.7
2010 56 22 0.29 52.1 82.3 6.2 8.3
2011 - - - - - - -
2012 48 19 0.22 58.7 84.1 14.3 23.8
2013 59 19 0.38 52.7 78.0 22.0 40.7
2014 54 22 0.32 38.8 76.7 19.8 44.0
2015 43 11 0.36 41.8 65.5 27.3 43.6
2016 79 24 0.33 53.8 72.4 15.2 18.6
2017 81 22 0.43 59.0 70.5 16.4 10.7
2018 67 23 0.46 59.8 75.5 17.6 21.6
2019 81 43 0.32 56.7 69.2 20.9 12.4

% Inter. refers to the proportion of participants working on a project outside of their own discipline.

https://doi.org/10.1371/journal.pone.0246260.t001

Homophily is based on the principle, observed in many networks, that “contact between
similar people occurs at a higher rate than among dissimilar people” [23]. We used a node-
level homophily measure known as the Herfindahl Hirschman Index (HHI) to assess the
degree to which individuals worked with a diverse set of participants based on group identity.
HHI measures the concentration of a node’s ego network in particular groups without

Table 2. Counts of participants by discipline category, projects by discipline category, and mean, median, and modal project size.

Discipline # Participants # Projects Mean Proj. Size Median Proj. Size Modal Proj. Size
Life sciences 146 62 3.9 4 2
Social and behavioral sciences 141 112 4.3 4 4
Physical sciences 136 11 45 4 4
Computing 86 45 4 4 2
Engineering and engineering trades 79 3.6 2 2
Mathematics and statistics 61 3.7 4 4
Unknown 57 3 2 2
Health 36 21 4.5 4 6
Humanities 28 13 4.7 5 5
Business and administration 18 9 5 4 4
Environmental protection 12 3 5.3 6 6
Architecture and building 10 10 6.1 5 10
Arts 7 7 5.7 6 3
Agriculture and forestry and fishery 2 3 3 3 1
Journalism and information 2 1 6 6 6
Social services 1 2 4.5 4 4
Law 1 0 - - -
Teacher training and education science 0 3 2.7 3 3
Discipline categories were assigned based on the UNESCO ISCED Fields of Study classifications. 2011 is excluded due to sparse and poor data.
https://doi.org/10.1371/journal.pone.0246260.t1002
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considering the node’s own attributes. This allows for more clearly assessing the diversity of a
node’s collaboration network without requiring the in-group and out-group dichotomy based
on similarity involved in many other homophily measures. By using HHI, we can more
directly address the question of whether participants are working with a diverse network of
people, as opposed to whether they are collaborating with individuals similar to themselves.
The latter is investigated via a dyadic analysis, which is explained below. HHI is calculated as
the sum of the squares of the percentages of each group in a node’s neighborhood [24]. In our
study, a larger HHI value indicates that an individual worked primarily with people that share
a particular trait, which implies that the node’s ego network is more homophilous. Conversely,
a smaller HHI value suggests a more equal distribution of connections among participants
with different traits, indicating that the node’s ego network is more heterophilous. HHI was
calculated for every individual in the collaboration network and then aggregated by participant
attribute for each year of CSSS.

In addition to homophily, we assessed the centrality of nodes in the network based on indi-
vidual characteristics using two measures. The first measure, eigenvector centrality, or eigen-
centrality, is an individual-focused measure that examines how well-connected a node is by
weighting its centrality by the centrality of its connections [25, 26]. In our study, eigencentral-
ity indicates the extent to which participants collaborated with individuals who were involved
in many projects. To arrive at an eigencentrality score for a particular attribute (such as coun-
try or discipline), we averaged the score across individuals who have this attribute for each
year. Such an individual-based score might inflate the centrality of individuals with a particular
attribute, however. For example, if Social and Behavioral Sciences participants collaborate
extensively, but only amongst themselves, then the average of their individual-based centrality
score will be large and potentially misleading.

To account for variance among individual participants, we also measured the group degree
centrality [27] for each participant attribute. Group degree centrality is calculated as the num-
ber of nodes outside of a group, as defined by a particular attribute, that are connected to
members of that group. In order to compare across all years of CSSS, we normalized group
degree centrality by the total number of participants not part of the group in question. We are
primarily interested in assessing whether individuals are more likely to collaborate with partic-
ipants outside their discipline that share a particular attribute. We report group centrality
results for key disciplines in the main text and other centrality analyses in an appendix.

2.4 Individual-level analysis of networks

We adopted a null model simulation framework to test the extent to which the demographic
attributes of participants relate to the composition of groups. We assume that if these factors
have no effect, group composition should be consistent with random mixing. For each sum-
mer school collaboration network, we randomly shuffled the identities of nodes while main-
taining edge connection, effectively randomizing groups. This process was repeated across 500
simulations. For each simulation trial, a network-level homophily score was calculated as the
average HHI across all nodes for each demographic category. The actual network-level homo-
phily score was compared against the distribution of simulated scores to assess whether group
composition was random or if it was related to participant demographics. We conducted a
similar null model simulation to test node position via eigencentrality and group degree cen-
trality measures. Node attributes were randomly shuffled while maintaining edges, and cen-
trality values were calculated and averaged across various node attributes. This process was
repeated in 500 simulations. The actual averaged centrality values for each demographic
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category were then compared to the distribution of centrality values from the null models to
determine whether node position was associated with particular node attributes.

We also assessed the extent to which certain combinations of discipline-to-discipline col-
laborations (dyads) appeared, compared to what was expected under random mixing. Here,
we define a dyad as a person-to-person connection, or an edge in the network, aggregated to
their respective disciplines; for example, a group with 3 participants, one in Computing and
two in Health, would contain three dyads: (Computing, Health), (Computing, Health), and
(Health, Health). A greater than expected number of a given dyad could indicate preferential
attachment between participants in certain disciplines. We repeat the null model procedure
for each year of data, shuffling participant disciplines and calculating the mean number of
each dyad across 500 simulations. For each year, we calculated the percent differences between
the actual number of each dyad and the expected mean. An aggregate measure was calculated
to reflect the tendency for participants from certain disciplinary pairs to work together,
defined as the mean of the percent differences between the actual and expected number of
dyads across all years.

2.5 Project-level analysis of networks

At the project level, we examined how the discipline of project topics contributed to the com-
position of groups. To do this, we first calculated the number of different disciplines per proj-
ect group, normalized by the group size for all groups larger than one person. For individuals
who were coded with multiple disciplines, only the individual’s primary discipline was consid-
ered, and individuals without a discipline assignment were dropped from the analysis. Counts
of unique disciplines were averaged over all of the years of CSSS for each project topic. We
then compared the proportion of projects in each discipline to the proportion of participants
from that discipline across all years of the summer school. This comparison allowed us to
assess the degree to which the proportion of project topics in a particular field is correlated
with the proportion of participants from that field.

3 Results
3.1 Individual-level results

Whereas there are disparities in who attends the Complex Systems Summer School (see

Table 1), Fig la illustrates limited evidence that demographic factors are related to group com-
position at the summer school. Few observations are greater than one standard deviation away
from the mean of the null distribution, and generally, these trends lack a clear and consistent
pattern. For example, in 2007 and 2013, there was slightly less gender homophily than
expected, but between 2013 and 2019, the degree of homophily was roughly consistent with
the null model. Of the five factors examined, the clearest pattern of homophily was observed
for participant discipline, for which seven years had higher HHI, or homophily, than expected
under random mixing. Specifically, disciplinary HHI was greater than one standard deviation
above the expected for 2012, 2013, 2016, and 2018. Moreover, in 2008, 2017, and 2019, HHI
calculated on discipline was more than two standard deviations above the mean of the null dis-
tributions, the largest difference observed across all attributes and years.

We further examined the role of discipline in the composition of project groups by calculat-
ing the normalized group degree centrality for the five most common disciplines at the sum-
mer school (see Fig 1b). There were no clear patterns of consistently higher or lower than
expected centrality for participants in Engineering, Life Sciences, or Physical Sciences. In 2007,
Computing participants were less central than expected, though this is not consistent across
other years. There was some evidence that participants in Social and Behavioral Sciences fields
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Fig 1. a. Group composition mostly consistent with random mixing. Grey boxplots correspond to the distribution of (a) network-level HHI values and (b)
normalized group degree-centrality scores from 500 simulations of the null model. In each iteration of the simulation, participants are randomized while
group links are maintained. Dots correspond to actual network-level metric for each summer school iteration and participant characteristic category. Dots
are colored based on the number of standard deviations the actual value is away from the mean of the null distribution. a. Results are shown, over time, for
gender, professional position, institutional prestige, country of study, and discipline. b. Results shown for the five disciplines with the most participants over
the course of the summer school. Additional disciplinary results in appendix. 2011 is excluded due to sparse data.

https://doi.org/10.1371/journal.pone.0246260.9001

were consistently less-central in the project networks than expected. In 2012, they were more
than two standard below the expected centrality and more than one standard deviation below
in 2006, 2010, 2013, 2016, 2017, and 2019.

We repeated this process for gender, position, institutional prestige, and country of study,
and while we observe instances of higher and lower than expected group degree centrality
compared to the null model in specific years, there were no clear or consistent patterns (see
S1-S5 Figs in S1 Appendix). We also calculated the actual versus expected eigencentrality of
participants in order to assess the relative influence of certain attributes in the network, but
again observed no clear or consistent patterns (see S6-S10 Figs in S1 Appendix). These central-
ity measures may be influenced by other variables, however, such as individual personality
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Fig 2. Ratio of actual vs. expected number of each dyad across all iterations of the summer school excluding 2011 and 2005. Color maps to the average
of yearly ratio between the actual number of each dyads, and the expected value as calculated as the mean of number of dyads across 500 simulations of the
null model. Red indicates a ratio greater than one, meaning that the dyad occurred more than expected; blue indicates a ratio less than one, meaning that
the dyad occurred less than expected. The value in each cell corresponds to the count of each dyad across all years of the summer school.

https://doi.org/10.1371/journal.pone.0246260.9002

traits and friendship ties. It is possible that the random patterns we find here result from one
or more factors independent of the factors under study.

We further explored the role of discipline in group composition by examining the actual
number of discipline-to-discipline connections (dyads) compared to the expected number of
dyads based on the null model, broken down by summer school iteration (Fig 2). The most
over-represented dyads with more than 20 participants were Mathematics and Statistics with
themselves (1.56 times greater), Life Sciences with Business (1.29 times greater), and Engineer-
ing with themselves (1.22 times greater). In addition, dyads of traditionally quantitative disci-
plines tended to be somewhat over-represented, such as Computing with themselves (1.21
times greater), Physical Sciences and Engineering (1.15 times greater), and Physical Sciences
and Mathematics and Statistics (1.05 times greater). The most under-represented pairs with
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Fig 3. Proportion of unique disciplines of participants within a project group averaged over all years of the Complex Systems Summer School
summarized by topic of the project. Values of 1 indicate that every member of a group is from a different discipline. Values of 0 mean that all group
members are from the same discipline.

https://doi.org/10.1371/journal.pone.0246260.9003

more than 20 participants were Computing and Engineering (0.88 times lower), Health and
Life Sciences (0.9 times lower), and Life Sciences and Engineering (0.92 times lower). Whereas
participants in traditionally-quantitative fields tended to work together, Computing is an
exception, as participants in Computing were somewhat less likely than expected to work

with those in Mathematics and Statistics (0.95 times lower) and somewhat more likely than
expected to work with Social and Behavioral Sciences (1.12 times greater). Also of note is that
participants in Social and Behavioral Sciences are somewhat less likely to work together than
expected (0.94 times lower).

3.2 Project-level results

As shown in Fig 3, group diversity by project topic is high for all disciplines. This metric is
somewhat sensitive to group size, considering that smaller groups are more likely to have
extreme values (either completely homogeneous or completely heterogeneous group composi-
tion). Fields where the modal group size is only two, such as Life Sciences and Computing,
may be especially sensitive (see Table 2). Despite this group size effect, there is an overall pat-
tern of high diversity, which remains when only particular subsets of the data are considered,
such as all groups comprising more than 2 people or group sizes that fall within the interquar-
tile range (3 to 6 people, inclusively). In addition, even though there is variation in group
diversity, all groups larger than one person are typically made up of participants from at least
two unique disciplines. Accordingly, all project groups at CSSS tend to exhibit at least a nomi-
nal amount of interdisciplinarity.
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Fig 4. Comparison of the proportion of participants from each discipline to the proportion of project topics in each discipline. Law and Education are
excluded because there were no projects and participants, respectively, from these disciplines as seen in Table 2. Points above the line have more projects
than expected based on the number of participants; points below the line have fewer projects than expected. Labeled points had a difference in proportion

greater than +0.02.

https://doi.org/10.1371/journal.pone.0246260.9004

For most disciplines, there tends to be a linear relationship between the proportion of par-
ticipants from a specific discipline and the proportion of project topics from that same disci-
pline, as shown in Fig 4. However, there are some outliers. For example, there are significantly
more Social and Behavioral Sciences projects compared to the number of participants from
this discipline. Conversely, there are far fewer projects in the Physical Sciences, Engineering,
and Mathematics and Statistics compared to the number of participants from those disciplines.
The pattern of Social and Behavioral Sciences projects being over-represented and Physical
Sciences projects being underrepresented is consistent across most iterations of the summer
school (see S11 Fig in S1 Appendix). In contrast, there was a greater degree of variation in the
representation of Life Sciences and Computing projects.

4 Discussion

Our results suggest that project group composition at the Santa Fe Institute’s Complex Systems
Summer School does not follow patterns of academic collaboration found in many other stud-
ies. Rather than comprising like individuals, groups formed at CSSS more closely resemble a
process of random mixing with respect to participant attributes such as gender, position, insti-
tutional prestige, and country of study. In particular, our individual-level analyses do not
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demonstrate any homophilic preferences based on gender, in contrast to a growing body of lit-
erature indicating that researchers tend to collaborate with colleagues of the same gender
[28-30], which, in male-dominated fields, can further exacerbate the marginalization of
women in team science. While there have been more male attendees than female in every year
of CSSS, with the disparity greater in some years than others, it appears that gender is not a sig-
nificant factor in group composition once at the summer school. In a study of gendered differ-
ences in scientific labor, [31] observe that men are more likely to be associated with conceptual
roles, whereas women are more likely to be associated with the “physical” labor of performing
experiments. While beyond the scope of our study, it is possible that similar dynamics were
present in collaborations at CSSS.

In part, the lack of homophily we observed may be due to the structure and goals of the pro-
gram. For example, CSSS does not differentiate between participants of varying career stages,
possibly mitigating traditional hierarchies [32]. Furthermore, unlike collaboration at many
academic institutions, projects developed at CSSS are not tied to specific curricular or research
expectations. Rather, they are intended to provide participants with opportunities to explore
new ideas, regardless of whether those ideas will lead to publications or fulfill professional
objectives.

The participant characteristic that appears to be most related to group composition is disci-
plinary background. Across seven years of the summer school, we observed slightly higher
than expected disciplinary homophily on average. This finding was echoed by the dyad null
models, which indicated that each of the six largest disciplines by number of participants dis-
played a larger than expected preference for working with individuals from their own disci-
pline, with the notable exception of the Social and Behavioral Sciences. There was evidence for
higher than expected preferential attachment between Social and Behavioral Sciences and
three other disciplines. Disregarding one (Agriculture and Forestry and Fishery) due to small
sample size, the two other disciplines were Computing and Mathematics and Statistics, which
lends support to the argument that CSSS projects often combine tools and knowledge from
traditionally quantitative and qualitative fields. While Social and Behavioral Sciences partici-
pants exhibited lower group degree centrality scores than expected across several years of the
summer school, this is likely due to the fact that they were more likely to collaborate with the
same people on multiple projects, and therefore had fewer unique connections than other
large disciplines.

The results of the project-level analyses reveal more Social and Behavioral Sciences projects
in comparison to the number of participants with this disciplinary background. This disparity
suggests that these topics were heavily favored for interdisciplinary collaborations at the sum-
mer school. This is perhaps due to a higher level of baseline interest in or knowledge of topics
related to human behavior and interaction. In contrast, there were far fewer projects in the
Physical Sciences, Engineering, and Mathematics and Statistics in comparison to the number
of participants from these disciplines, which indicates that these projects were less attractive
for interdisciplinary collaboration at the summer school, perhaps due to the advanced techni-
cal concepts found in all three of these fields. Echoing the argument above, another possible
explanation for the relatively low proportion of projects from the Physical Sciences, Engineer-
ing, and Mathematics and Statistics is that methods from these disciplines are being applied to
projects in other areas. Techniques from statistical physics are increasingly being used to
model social phenomena, such as crowd behavior, belief system dynamics, and the spread of
disease [33]. Additionally, hybrid fields such as computational social science and digital
humanities apply tools from mathematics and computing to traditionally qualitative fields.
Interdisciplinary teams may be able to generate novel insights on a topic by applying
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methodologies from other fields while still accounting for contextual factors supplied by those
with subject matter expertise.

The trend of Social and Behavioral Sciences projects being over-represented and Physical
Sciences projects being underrepresented was consistent across most years of the summer
school (see S11 Fig in S1 Appendix). Conversely, there was a greater degree of variation in the
representation of Life Sciences and Computing projects, which could mean that these fields
have potential for high levels of interdisciplinary collaboration but are not favored in the same
way as Social and Behavioral Sciences projects.

4.1 Limitations

Our study has several limitations. First, the disciplines of participants and projects were hand-
coded by the authors. For some individuals, it was not clear to which UNESCO ISCED Field of
Study they belonged, leading to potential ambiguities in disciplinary classification. Further-
more, CSSS attracts participants with interdisciplinary backgrounds, roughly 13% of whom
were coded with more than one discipline. We decided to reduce each participant to their pri-
mary discipline to accommodate analysis; consequently, our results may not fully represent the
disciplinary identity of an individual’s area of study. Given the small number of participants
coded with multiple disciplines, however, this should not significantly impact our findings. A
similar problem existed for approximately 23% of projects, which were also interdisciplinary in
nature, and for which we only considered the primary discipline in our analysis.

Second, our data is based on Wiki pages created and updated throughout each iteration of
the summer school, which may not reflect final group members and topics at the time of proj-
ect submission. We also did not investigate outcomes of projects developed at CSSS. These two
limitations mean that our analysis may only represent an early snapshot of the dynamic collab-
oration networks during the summer school. Inferred collaboration networks could, therefore,
reflect initial project interest rather than sustained collaborative effort, which may lead to an
overestimation of group heterophily in some cases.

Third, it is likely that group composition is influenced by other demographic characteris-
tics, or factors such as individual personality traits and friendship ties established throughout
the program. For example, in a study of group formation among information systems under-
graduate students, [34] find that people select others of the same race, as well as those who are
reputed to be competent and dedicated workers. Due to a lack of relevant data, however, we
were unable to account for these interpersonal attributes in our analyses.

Finally, the population analyzed in our study may not be representative of academic
researchers more broadly. Our population was skewed toward U.S.-based researchers and
those with STEM backgrounds. Complex systems is a field inclined toward interdisciplinarity;
as such, CSSS participants are likely more inclined to pursue interdisciplinary research than
other academics. The program’s competitiveness and price tag may also dissuade individuals
from less well-funded and less prestigious labs or universities from applying. Taken together,
these factors limit the generalizability of our findings, and the outcomes of CSSS may not be
replicable in other research contexts. However, we maintain that CSSS tears down traditional
barriers and provides a unique case study of interdisciplinary research, which has value for
understanding the dynamics of a novel educational program and perhaps for examining team
science more broadly.

5 Conclusion

Interdisciplinary collaboration is essential to understanding a world of ever-increasing com-
plexity. In this paper, we studied the factors influencing the emergence of such collaboration at
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the Santa Fe Institute’s Complex Systems Summer School. In this exploratory case study, we
found that group composition is consistent with random mixing across several factors such as
gender, institutional prestige, and academic discipline, a result that is heartening for an organi-
zation founded on the principle of tearing down disciplinary silos.

The over-representation of Social and Behavioral Sciences topics, however, is perhaps
indicative of a unidirectional flow of knowledge in which individuals from other disciplines
contribute heavily to projects in the Social and Behavioral Sciences such as economics, psy-
chology, and sociology. It is possible that this work feeds back into other disciplines, with the
rapid growth of computational social science exemplifying how computing tools have evolved
as a result of modelling social and behavioral dynamics, but there are still topics related to
engineering, mathematics, and physics that are disproportionately not pursue in interdisci-
plinary settings. Future research could investigate the impacts of this discrepancy on the pro-
duction of scientific knowledge and explore how to make these topics more accessible for
interdisciplinary research.

We provide a foundation for the analysis of collaboration networks formed during pro-
grams such as CSSS and also draw attention to gaps requiring further attention, such as how to
encode multiple participant and project disciplines and how to effectively capture an evolving
collaboration network. Other avenues of study include the analysis of publication metrics in
order to better assess the program’s overall impact and the incorporation of more robust disci-
plinary classifications that capture the disciplinary distance spanned by a collaboration.

Our study suggests that scaling up programs like the Complex Systems Summer School,
which create the conditions for diverse collaboration networks to develop organically, may
incentivize interdisciplinary research. As Poincaré put it, the most fertile combinations will
indeed often be those drawn from domains which are far apart.
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