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Abstract

Substantial policy efforts to develop regional innovation systems (RIS) highlight

the importance of understanding the institutional factors that promote integration
and synergy at the regional scale. To this end, we analyzed historical patterns of
research co-production within and across California (CA) and Texas (TX), two US
regions that account for >5% of global research publication. This predominance

is largely attributed to the University of California and the University of Texas, two
multi-campus university systems (MUS) that feature distinct configurations of insti-
tutional research specialization. We exploit these differences to analyze four insti-
tutional assortativity channels that foster RIS synergy: institutional proximity, pres-
tige, homophily, and specialization. Descriptive analysis reveals that institutional co-
publication rates differ within and across RIS and are influenced by external socio-
economic shocks, such as the 2007-08 financial crisis, which intensified institutional
clustering within these research university ecosystems. We also develop institutional
specialization profiles for exploring the structure and role of institutional alignment
within RIS. Results indicate that regional integration is mediated by the alignment

of institutional specialization and moderated by institutional homophily. These find-
ings underscore the critical role of the MUS backbone that supports RIS integration
and generates resiliency to socio-economic shocks. Moreover, MUS provide institu-
tional redundancy and variation that generates a broad combinatorial space fostering
multi-university research synergies. All together our framework can help address the
innovator’s dilemma of whether to exploit institution-specific capabilities or to strate-
gically identify and invest in novel multi-institutional synergies that leverage the com-
plex configurational space of institutional specializations that uniquely characterize
each RIS.
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Author summary

We analyze the structure and dynamics of regional scientific integration in Califor-
nia and Texas, two U.S. states with distinct research university (RU) ecosystems.
By leveraging these differences, we develop a framework for understanding how
institutional assortativity — defined as similarities that sustain research partnerships
across time and space — drives integration and defines the structure of regional
innovation systems (RIS). Our analysis offers practical insights for research
development offices working to identify strategic research priorities and fos-

ter multi-university collaborations, particularly in the face of the organizational
innovator’s dilemma: whether to focus on existing institutional strengths or pur-
sue new, cross-institutional opportunities. It also provides guidance for national
agencies making place-based investments in specialized infrastructure and insti-
tutional partnerships that support emerging technologies. From a systems science
perspective, we highlight the vulnerability of RU ecosystems to large-scale socio-
economic shocks, such as the 2007-08 financial crisis, and underscore the critical
roles of institutional diversity and redundancy in promoting structural resilience —
features that are defining characteristics of multi-campus university systems
(MUS), such as the University of California and University of Texas systems.
Importantly, our findings show how MUS enhance regional integration by enabling
resource sharing, supporting knowledge co-production, and generating network
effects in human and intellectual capital that reach beyond RIS boundaries.

”

“The whole is greater than the sum of its parts.
— widely attributed to Aristotle (384-322 B.C.E.)
“Specialize less, systematize more.” — Madhaven, Poste and Rouse [1]

Introduction

Regional innovation systems (RIS) are the foci of substantial science policy initiatives
aimed at strategically integrating national and pan-national innovation systems [2—11]
by supporting the co-production of knowledge and the circulation of high-skilled labor
[12-18]. In addition to representing local sources of specialized industrial inputs and
labor market pooling that contribute to innovation economy agglomeration [19,20],
structurally resilient innovation systems are essential to generating effective solu-
tions for addressing both regional and global challenges [21-24]. At the sub-national
scale, RIS are characterized by a myriad of historical, cultural, geographic, industrial
Chief among the institutional and geographic fixtures that define a given RIS are its
research universities (RU) [29-33], which represent “sources, anchors and hubs” [22]
across vast multi-level networks of human, social and intellectual capital [34—37]. Yet
despite longstanding policy efforts advancing regional integration [9,13,38,39] via
public investment into university education, research and infrastructure [30,32,40],
our understanding of how the composition of RU ecosystems promotes regional
integration and synergy is limited.
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Against this backdrop, we develop a framework for measuring institutional assortativity — broadly defined as the tendency
for similar institutions to co-produce research — and for understanding how it promotes RU ecosystem integration and the
emergence of RIS structure. In this context, assortativity refers to both the selective sorting according to shared institution-
level attributes (e.g., the propensity for collaboration among researchers from a common multi-campus university sys-
tems or a common state). Moreover, assortativity also refers to how entities within a network tend to preferentially con-
nect based on shared connectivity. Examples include the tendency for hubs to connect to other hubs [41], and as in the
present context, how institutions tend to preferentially form stronger subnetworks aligned around common research spe-
cialization. To this end, we analyze four distinct channels of institutional assortativity: proximity, prestige, homophily, and
specialization. By quantifying the relative contributions of these distinct channels, we seek to analyze how institutional
variation manifests in operational synergies that enhance the productive capacity of the RIS as a whole.

Our study is thus motivated by Aristotle’s sum-of-the-parts argument, which guides the development of our framework
for analyzing the structure and dynamics of RU ecosystem integration — proxied in this work according to rates of research
co-production between institutions. As such, our analysis addresses four research questions (RQs) in sequence:

RQ1: What is the structure of institutional research co-production — within and across regions?

RQ2: What are the structural dynamics of RIS integration — are they characterized by steady growth or fluctuating
regimes?

RQ3: How do institutional specialization and homophily condition RIS integration?

RQ4: How do the different assortativity channels contribute to RIS integration, and to what extent are the roles of institu-
tional homophily and prestige sensitive to socio-economic shock?

Our results contribute to the understanding of how positive externalities generated by regional integration support the
national innovation system at large [2,6,42], and highlight the importance of public investment in multi-campus university
systems (MUS) [24,25], which generate the backbone of the California (CA) and Texas (TX) research ecosystems. From
an institutional perspective, our framework may provide valuable insights for research development offices tasked with
specializing in strategic research areas and identifying multi-university funding opportunities that target specific research
problems (regional and global), as well as national funding agencies charged with strategically investing in critical infras-
tructure and emerging technologies. Finally, from a systems science perspective, our analysis highlights the systemic
risks exposed by periodic disruptions to socio-economic stability [21]. In particular, our longitudinal analysis of the ecosys-
tem structure before, during, and after the 2007-08 global financial crisis provides timely and relevant analysis of how
innovation systems respond to economic shocks affecting the availability of financial and other resources critical to scien-
tific activity.

Background and motivation
Research universities form the backbone of regional innovation systems

The U.S. state is a regional scale that aligns with the governance, funding and related agenda of state governments. At
this scale, research institutions operate under policies shaped by regional agencies that coordinate funding and resource
distribution to address region-specific challenges — such as wildfire, illicit wildlife trade, invasive species, and deforestation
[43—45] — by promoting collaborative solutions, and fostering a more integrated approach to regional development and
innovation.

Accordingly, we analyze the composition and structure of multi-institutional collaboration within and between two promi-
nent US states — California and Texas — building on the tradition of two-region models in economic geography that serve
as a foundation for studying more complex multi-region systems [19]. Notably, CA and TX represent geographically and
politically distinct RIS within the US innovation system, each featuring extensive RU ecosystems that generate a sizable
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high-skilled workforce and attract investments into specialized R&D infrastructure that are critical to state and national
research agendas.

Despite their strength, these innovation systems remain sensitive to disruptions at multiple scales — ranging from insti-
tutional changes (e.g., entry, exit, or mergers [46]) to large-scale macroeconomic shocks [47]. To investigate this sensi-
tivity, we exploit the 2007-08 financial crisis to examine how the institutional ecosystem structure responds to external
resource shock. This case-event analysis sheds light on how structural changes influence research outcomes, offering
insights into the structure—function dynamics of innovation system.

In order to measure and evaluate the persistence of research co-production within and between innovation systems
over time, we selected the most prominent research-oriented institutions within each state. As such, a principal compo-
nent of our institutional sample are the research-oriented multi-campus university systems (MUS) in each state: the Uni-
versity of California (UC) system comprised of 10 distinct institutions (or ‘campuses’), and the University of Texas (UT)
system comprised of 12 institutions (7 traditional university campuses offering multi-disciplinary graduate education, and
5 specialized health science centers). We complement these MUS institutions with six prominent private universities that
form a non-MUS comparison group — see Fig 1A. Due to the labor intensive collection of disambiguated institutional pro-
files from our primary data source, the Clarivate Analytics Web of Science Core Collection (WOS), we focus on the largest
single MUS along with the three most prominent private universities in each RIS. Together the 28 select institutions in our
sample are affiliated with roughly 3 million distinct WOS publications — see Fig 1B — alltogether accounting for >5% of all
publications indexed by WOS over our focal sample period.

A configurational perspective on university ecosystems

According to evolutionary principles applied to organizational and industrial dynamics, the knowledge economy can be
understood as a dynamic system in which organizations and institutional environments co-evolve over time [48]. Drawing
from Durham’s prescription of the model of evolutionary change [48,49], knowledge takes the role of the unit of transmis-
sion. Accordingly, we then consider institutional environments — encompassing (research and researcher) governance,
culture, legacy, policy and norms — as endogenous sources of variation. Meanwhile, the localization of institutions to par-
ticular regions and cities generates sources of isolation that shape how knowledge develops and diffuses across space
over time.

Given the multi-disciplinary composition of research universities, then the variation in institutional research area pro-
files within a given region is a fundamental determinant of its distinct configurational space — the set of all possible con-
figurations of a system. At a more granular level, the configurational space reflects the various ways that subcomponents
(such as researchers, research labs, specialized infrastructure, strategic industry partnerships, etc.) can be arranged and
interact within the system.

In reality, we only observe the subset of realized ecosystem configurations that emerge as a result of constraints (finan-
cial, geographic, etc.) and related selection mechanisms. By analyzing the relative magnitude and persistence of realized
institutional relationships and overall system structure, we are able to evaluate various dimensions of variation and selec-
tion —i.e., assortativity channels that promote research synergies that persist within and across the university ecosystem.
From this perspective, the configurational space uniquely characterizes each university ecosystem and conditions the
integration of regional innovation systems.

Yet the configurational space is also subject to principles of strategic design, which thereby confronts these institutions
with the organizational innovator’s dilemma of whether to focus on existing institutional strengths or pursue new, cross-
institutional opportunities. As a relevant scenario pertaining to multi-campus systems, consider a breakthrough research
area or technological breakthrough such as quantum computing: should a MUS invest in a new research center at a par-
ticular campus, or should it develop a cross-cutting consortium that distributes critical investment resources more broadly
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Fig 1. Framework for evaluating RIS according to the integration of research university ecosystems. (A) Geographic distribution of universities
and health science centers belonging to the University of California (UC) and University of Texas (UT) systems, along with the three most prominent pri-
vate research universities within CA and TX (approximate locations to avoid overlaps). The outline of each state administrative boundary was generating
using public-domain U.S. Census Bureau TIGER shape files from https://catalog.data.gov/. (B) Research output Ng(f) of six university subgroups. UCy
are the 5 UC campuses located in the greater Bay Area mega-region: the exponential growth rate over the 21-year period shown is Jucy = 0.042(1);
UCg are the UC campuses located in southern California: Gucg = 0.040(1). PUcx represents Stanford, USC and Caltech combined: gpy,ca = 0.046(1).
UT, denotes the 7 UT campuses: gyr, = 0.047(2); and UTy denotes the 5 UT health science centers: gyr,, = 0.051(2). PUry represents Rice, SMU
and Baylor combined: gpy, 7x = 0.060(2). For each g value reported, the digit in parenthesis is the standard error in the last digit shown. (C) Base rate
f?”(t) of multi-university research co-production, for three non-overlapping university subgroups and all 28 universities considered together. Distinct lev-
els observed for UC + PUc, and UT, + PUry reflect different degrees of co-production (dashed lines indicate mean values), and show that CA features
higher levels of RIS integration than TX. (D) Universities ranked according to the total number of research articles N; co-produced by scholars at each
university i over 2000-2020. As an indicator of regional embeddedness, each data point is colored according to the fraction ff’s of the N; articles that
involved multi-university collaboration within its RIS (home state); the mean and standard deviation across these RU are 0.17 + 0.09.

https://doi.org/10.1371/journal.pcsy.0000088.g001
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across the system? To this end, the University of California established the Multicampus Research Programs and Initia-
tives (MRPI) as a dedicated funding mechanism designed to strategically channel financial resources towards system-
level synergies.

Four assortativity channels that contribute to ecosystems structure

Conceptually, configurational entities that are more closely related tend to be more ‘proximal’ within the configuration
space. From a configurational perspective, this principle means fewer and smaller changes are required to align one entity
with another. This concept is generalizable across various domains, including cognitive, organizational, institutional, and
geographical contexts [50-52]. Within the present context, assortativity channels refers to particular institution-level fac-
tors that generate different pathways for alignment, thereby fostering persistent research co-production between institu-
tions. The following four channels reflect both latent and observable characteristics of research universities.

(i) Institutional location and spatial proximity. Geographic location is a core institutional factor that generates rel-
atively stable characteristics, such as cultural diversity, historical legacy, natural environment, and proximity to other
places. Implicit distances shape the relative influence of diffusive versus ballistic dynamics, which operate on differ-
ent time scales (e.g. diffusive dynamics spread as the square root of time, whereas ballistic is proportional to time) and
depend on the characteristics of the innovation. To this latter point, for example, prior work shows that the diffusion of
technological knowledge depends on their underlying complexity [53]. While spatial proximity is fixed, the ability to over-
come that distance, virtually or physically, depends on advances in technology and transportation infrastructure [54] that
enable more direct, or “ballistic,” forms of transmission. In this way, institutional location can promote or restrict the forma-
tion of institution-spanning collaborations, and contributes to the wide variation in rates of research production extending
across regional and global scales over the last half century [42].
spatial distribution and concentration of knowledge sources shape innovation. A key insight from this literature is that insti-
tutional concentration enhances a region’s innovation capacity by facilitating spontaneous knowledge diffusion and team
formation, increasing the chances of collaboration and idea exchange without requiring the costs (financial and otherwise)
associated with deliberate coordination. In order to track the evolution of research outcomes that overcome the burdens
of spatial and institutional boundaries, previous studies measured the rate of multi-university collaboration (denoted by
XU) and found that this mode of collaboration has increased significantly over time [55]. Within our data sample, the fre-
quency XY(t) of XU research co-production between the 28 RU in our sample ranges between 2% and 10% depending
on the regions and institution type, and indicates that CA has significantly higher levels of XU activity compared to the TX
ecosystem — see Fig 1C. Moreover, since fXU(t) is dominated by within-state research co-production, it is notable that the
CA trends exhibits steady growth, whereas the TX trends are relatively flat.

When the distance between institutions exceeds a certain threshold — such as the size of a U.S. state — researcher
mobility increasingly depends on rapid transportation options, such as air travel or trains, to overcome barriers that
impede the formation of research collaborations spanning multiple institutions [54] and industrial sectors [5,7]. Hence, in
large states such as CA and TX, the physical distance between two cities is an inconsistent indicator of the actual time
and effort needed for travel between two locations. For this reason, we classify the varying distances between institutions
according to three categories:

Within-City: Denoting institutions belonging to a common metropolitan area. This distance implies a preference for
face-to-face interaction;

Within-RIS: Denoting institutions belonging to common state (but not a common metropolitan area). This distance
implies a relatively low barrier to frequent interaction through a mix of in-person and virtual meetings.

Across-RIS: Denoting institutions belonging to different states. In the case if CA and TX, this distance corresponds to
a two-hour time-zone difference for virtual meetings, and a full day of air travel for in-person meetings.
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Further upscaling to the national and global scale, the geographic embedding of our publication sample features a bal-
anced mix of research extending within and across state and national borders. As documented in a companion study
focusing on geographic embedding and institutional competitiveness, we find that 1 in 4 publications feature XU collabo-
ration extending across different US states, and 1 in 3 publications feature collaborations extending internationally [56].

(ii) Institutional prestige. The legacy and size of research institutions are key factors associated with institutional
prestige and the stratification of faculty mobility networks [37], as well as access to critical labor and other physical
resources that are essential to both basic and breakthrough research [40,57]. As a result, prior research often focuses on
premier universities, as they tend to produce research in higher volumes [55,58].

However, university ecosystems also encompass many public universities that, while less prolific on their own, collec-
tively play a substantial role in advancing research and education [1,59—61]. Because our analysis focuses on the spatial
scale of individual US states, we thus encounter a broad distribution of institutional sizes. In particular, we observe consid-
erable variation in total research production N; among UC and UT institutions, largely attributable to year-of-establishment
and surrounding population density variability across campuses — see Fig 1D. This size variation contributes to the strati-
fication of university ecosystems, which manifests in prestige hierarchies in science that extend across national and inter-
national systems [36,37,55]. This stratification may reinforce “best-with-best” institutional interactions, thereby limiting the
identification and investment into regional synergies. Henceforth, moderating the tendency for institutions to align based
on prestige alone necessitates ambidextrous research development strategies that strike a balance between exploitation
and exploration within the multi-organizational configuration space [62,63].

While larger institutions often tend to be more prominent, size alone does not determine institutional prestige, many
prestigious institutions are relatively small (e.g, Caltech and Rice University are notable examples). In our analy-
sis, we define institutional prominence by considering both N;, which reflects both institutional size and researcher
productivity, as well as international prestige indicated by the widely known ARWU “Shanghai” university rankings
(https://www.shanghairanking.com/rankings/arwu/2024) [32]. This dual criterion allows us to isolate a subset of institutions
that are both highly productive and internationally reputable. As such, we measure institutional prestige by distinguishing
a set of 11 prominent and internationally reputable institutions in our sample, comprised of Stanford, USC, Caltech, Rice,
UCSF, UCB, UCLA, UCSD, UTAustin, UTMDAndersonCC, UTSWMCD. These premier institutions are distinguished by
their persistently high centrality within the networks of research co-production network over time — see S1 Fig.

(iii) Institutional homophily. We define institutional homophily to represent the propensities for scholarly collabo-
ration that arise from membership within a multi-campus university system (MUS). A related but more top-down mecha-
nism that gives rise to the same propensity for within-MUS co-production is institutional isomorphism [64]. This concept
describes how institutions converge toward similar policies, structures, and norms in response to both explicit directives
from system-level governance bodies and implicit mixing derived from scholarly and administrative mobility within each
MUS.

As a case example, consider the University of California (UC), which is the largest such multi-campus system, gener-
ating roughly 10% of research published across the US [65]. As a conglomerate entity, MUS feature common institutional
policies, educational mission and values, and brand equity, which together foster knowledge diffusion and researcher cir-
culation within the system [66]. As such, the multiplicity of MUS campuses fosters regional integration by the very design
of its spatial distribution, and thereby offers a wide range of configurational options for addressing the organizational
innovator’s dilemma [62,63]. Another key characteristic of MUS is the replication of organizational principles and policies
across various locations (e.g. tenure and promotion policy), such that certain aspects of institutional environment can be
considered approximately fixed across the different campuses.

Such organizational commonalities promote homophily, whereby social groups tend to initiate and persist via the
identification of shared attributes, values and experiences [67]. We expect the role of homophily to be substantial when
considering the extent to which curriculum vitae in academia are headlined by an individual’s educational history. The
great number of graduates generated by MUS generates several distinct avenues that signal and reinforce institutional
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homophily, including but not limited to collaboration, employment, student admissions and brand equity [66]. Thus, the
direct and indirect network effects generated within and across MUS campuses create interconnected educational and
research pathways, such that it is relatively common for careers to span multiple MUS institutions. This combinatorial
capability thereby provides a significant organizational advantage of MUS for achieving a key objective of university
administrators — namely, optimizing the professional environment to attract and retain highly productive scholars [32]. In
this way, the full extent of MUS accommodates talent absorption at higher levels than any single campus would be able
to achieve, and thus contributes to Aristotle’s sum-of-the-parts argument promoting integration within regional university
ecosystems. In this regard, it is also worth noting the increasing variety of multi-university consortia constructed from insti-
tutions that do not necessarily share common organizational governance, principles and policies. These consortia rep-
resent a variation on the objectives and advantages of MUS, and represent a potential avenue for future comparative
analysis.

(iv) Institutional research specialization. The body of research generated by an institution largely reflects its
research mission and the disciplinary composition of the scholars in residence. A notable example is the University of
Texas MD Anderson Center, which employs a strikethrough to emphasize its core research mission and differentiate its
brand equity [66]. Research specialization (or conversely, research diversity) is thus a defining, albeit latent, institutional
feature that has eluded the prior literature, which largely focused on diversity indicators based upon educational and struc-
tural features [68].

In this regard, we exploit the different organizational configurations of the UC and UT systems to understand how
institutional specialization conditions the combinatorics of institutional alignment. Notably, the UT is comprised of a 7
campuses representing traditional multi-disciplinary RU, coupled with 5 campuses that are specialized biomedical and
health science centers. Conversely, 9 out of 10 UC campuses are traditional RU, the exception being UCSF which spe-
cializes in biomedical and health science research and graduate-level educational programs, akin to UT health science
centers. From an organizational standpoint [69], the bureaucratic complexity of managing diversified RU compounds in
MUS, especially where resource allocation and investments across the system are guided by principles of competitive-
ness, equity and transparency. The varying levels of institutional specialization among MUS members create trade-offs
between redundancy and diversity, especially concerning the effectiveness of a uniform governance approach. As such,
institutional specialization represents a fourth channel of institutional assortativity that conditions the research alignment
between institutions, and also represents an intriguing degree of freedom underlying the strategic design of MUS.

The 2007-08 global financial crisis: An exogenous shock to research production

The 2007-08 financial crisis extended globally, generating a significant shock to the international economy that lasted for
several years. While not the principal focus of this study, it is worth describing the contextual backdrop behind the major
socio-economic shock occurring during the focal period of our analysis and how it impacted academic research institu-
tions, and why its signatures would be evident in our analysis.

The pervasiveness of the financial crisis strained academic institutions by triggering rapid and significant endowment
losses at private universities [70,71]. While also true for public universities, they additionally faced severe state budget
cuts that generated hiring freezes, furloughs and staff cuts, raised student-faculty ratios, and limited research capacity.
Together, these sudden resource constraints generating funding allocation gaps can be expected to directly affect faculty
research output, graduate student funding resources, and general morale.

A sudden shift toward fiscal austerity occurred across the US and Europe, marked by unexpected reductions in pub-
lic and private R&D spending as well as cuts to educational expenditures [47,72]. At the same time, there was significant
reduction to industrial research productivity as firms pivoted available resources away from basic research towards prod-
uct development [73], likely mirroring adjustments within the academic sector. In the US, stimulus response measures
like the American Recovery and Reinvestment Act (ARRA) provided temporary relief to mitigate the immediate effects of
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this shock [74—76]. Among academic institutions, labor markets proved particularly susceptible, with public universities
experiencing sharper declines in new faculty hires and salary growth compared to private institutions [77]. Accordingly,

in what follows we observe the response dynamics of this socio-economic shock and therefore examine how this socio-
economic shock reshaped the institutional ecosystem, in particular regarding patterns of institutional stratification relating
to homophily and prestige.

Related literature

A substantial body of research has mapped international collaboration and mobility networks, highlighting how the flow of
ing for variations in regional and institutional contexts poses significant challenges for studies conducted on a global
scale.

To address this limitation, some studies downscale by aggregating counts at the level of national regions [9,13,14,38,
53,84]. Here we further downscale the focal unit of analysis to the level of institutions, which aligns with a resource-based
view on the relationship between institutional environment and scientific productivity [57,85]. Another motivation for focus-
ing on regional ecosystems is to support the literature developing diagnostic and place-based policy guidance for seeding
and incubating innovation hubs, which often develop and evolve around universities that draw investment into special-
of regional integration, measured by the size of the largest network component, played a crucial role in driving the devel-
opment of innovation hubs in Silicon Valley and Boston in the 1990s [87]. Against this backdrop, our work contributes to
the longstanding economics and science policy literature on research universities [22,29-33,86] and university systems
[8,24,25] as potent vehicles for direct investment.

Mapping institutional interactions reveals key insights into the organizational ecology of complex systems tasked with
collective problem-solving [8,22,88]. In particular, our analysis contributes to the literature on social homophily, whereby
shared backgrounds, attributes, values, and experiences promotes the formation of lasting in-group propensities [67]
that can be readily quantified using network metrics, such as the assortativity coefficient and the clustering coefficient
[41,89,90]. Homophily is particularly relevant in the academic context, where educational pedigree is widely emphasized.
For example, scholars find that sharing common educational histories is an important factor supporting entrepreneurial
team formation [91], and that institutional homophily is a key factor driving the digital media co-visibility of research institu-
tions [66]. Extending to other sectors, another study found that non-governmental organizations are more likely to develop
partnerships with peers sharing common funding sources and common consultative agreements with intergovernmental
organizations [92]

In addition to institutional-specific factors, multi-university (XU) research co-production is also sensitive to exogenous
economic shocks. In particular, the 2007-08 financial crisis generated a sudden decline in public funding for research and
development (R&D) that extended from the national to regional scale, which translated into significant university budget
reductions. One particularly relevant study of R&D appropriations in Spain before and after the global crisis showed that
the adverse effects of the crisis extended well into the early 2010s [47]. Interestingly, we observe a rapid reaction to the
crisis at the regional level, with XU research among TX health science centers (UTy) exhibiting a sudden burst during the
2007-08 financial crisis, indicative of within-MUS resource-sharing during this period of resource constraints. Contrariwise,
rates of XU research observed among all 28 universities exhibited a downturn during the same period, indicative of the
sensitivity of across-region activity to heightened financial constraints and uncertainty — see Fig 1C.

Our focus on institutional networks at the regional scale complements prior work analyzing multi-university collabora-
tion at the global scale. In particular, in their seminal study on XU research over the period 1975-2005, Jones et al. [55]
found that multi-university collaborations tend to occur between scholars at prestigious universities; they also found that
roughly 90% of multi-university collaborations involve just 2 distinct universities, which supports our choice of a pairwise
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measure of research co-production developed in what follows. Another perspective focusing on the global scale ana-
lyzes the increasing prevalence of multi-national collaborations [42,78,79]. A recent study found that research produced
by scholar extending across 2-4 countries to be the largest growth mode, which accounted for roughly 17% of research in
2010, whereas mono-national research accounted for roughly 80% [81].

Materials and methods
Data collection

We collected 2,965,198 records published between 1970-2020 from the Clarivate Analytics Core Collection (WOS) using
their in-house institutional disambiguation tool to identify publications with at least one author from a particular campus.
Exploiting the WOS “Affiliation Index” (available only within the WOS web portal search interface) specifically addresses
limitations in the availability and consistency of the C1 “Author Address” WOS field tag in the raw data, which we found
to be largely void prior to 1997 in our downloaded data records. The publication counts and metrics used in our analy-
sis reflect the same journal selection process as WOS, which periodically reviews and updates its journal coverage to
maintain a focus on high-quality, reputable sources.

Why not extend beyond these 28 RU? Due to limited access to the WOS database, we manually collected data through
their web portal, which restricts downloads to 500 publications at a time. These constraints are the primary reason for lim-
iting our sample to 28 RUs, selected to represent the most prominent institutions in each state, which together represent
roughly 5% of global research indexed in the entire WOS database, and 10% of US research. While there are numer-
ous RU and other research-generating institutions in each state that were not included in our representation of each RIS,
these 28 institutions represent the majority of research produced in each state —i.e., 70% of all publications produced
by CA, with the largest excluded institution being San Diego State; and 55% in the case of TX, with the largest excluded
institution being Texas A&M Univ. at College Station.

While our analysis is restricted to these two states, this focused approach provides a practical foundation for extending
to more regions, as in the tradition of extending two-region to multi-region spatial models [19]. Extending to other regions
would need to account for the variable levels of institutional concentration that occur, especially in large megacities glob-
ally. Another institutional dimension that would need to be accounted for is the nature and extent of satellite campuses
that are increasingly prevalent, as in the case of New York University (NYU) Abu Dhabi and NYU Shanghai.

As this institutional sample includes the most prominent research producers in each region, it also captures the most
prominent sources of co-production in each region. In terms of the connectivity generated by these institutions, we find
that roughly ~6% of the articles feature two or more universities from our sample — see S2 Fig. For a base rate compar-
ison, our companion study analyzing the brand co-visibility among the same set of institutions across a comprehensive
collection of 2 million digital media articles published between 2000-2020 identifies ~10% of the articles featuring two or
more institutions [66].

Quantifying the intensity of institutional research co-production

As a proxy for regional integration, we analyze the principal mode of institution-specific knowledge (co-)production, which
is peer-reviewed scientific research. While patents, grants and other formal multi-institutional agreements and products
may offer complementary information that enhances the representation of innovative activities in a particular region, their
metadata are less available in standardized formats that extend across substantial time periods on the order of decades.
Moreover, in the particular case of patents, federal grants and other forms of joint R&D contracts, the research teams and
thus the number of distinct assignee institutions tend to be much smaller than in the domain of academic publication [93],
which would limit the resolvability of persistent multi-institutional relationships and their cofactors. Hence, in this study

we exploit the consistent data generated by research scholars that constitute the principal data source in the science of
science [34].
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Regarding the generating mechanisms contributing to institutional co-production, there are two principal contributions:
collaboration by scholars at two distinct institutions; and individual scholars with multiple affiliations. Recent analysis has
identified an increasing prevalence of the latter multi-affiliation mode, rising to roughly 16% of authors in 2019, on aver-
age, albeit with substantial national and disciplinary variation [94,95]. While we do not distinguish between the two mech-
anisms, as we are focused on the institutional layer of science, we expect that the number of individual scholars with mul-
tiple affiliations at the particular set of institutions we analyzed to make a marginal contribution to the overall rate of insti-
tutional co-production relative to the mechanism of distinct scholars collaborating across institutional boundaries. Indeed,
additional analysis is merited to analyze the relative contributions of these two author-level mechanisms to measures of
institutional co-production.

To facilitate accounting for both institutional attributes (MUS membership, research specialization, and prestige) and
relational attributes (spatial proximity and research area alignment), we adopt a pairwise (dyadic) representation of the
institutional ecosystem. We test the fidelity of this representation by tabulating the frequency of research articles featuring
N, individual MUS campuses — see S2 Fig. for the frequency distribution P(N,). Results indicate that the vast majority of
multi-university publications feature N, = 2 MUS campuses, consistent with prior work extending across a larger sample of
universities [55].

We quantify the intensity of research co-produced by universities i and j in a given time period ¢ by way of the Jaccard
similarity index,

Jj =Le[0 1] @))
o Nit+ Nt — N T

where the quantity N;; is the total number of publications by i in a given period t, and Nj;; is the number of publications

featuring authors from both / and j during the same period. J; measures the intersection over union of the two publication

sets, corresponding to the fraction of the total possible research articles that were co-produced by those two entities.

This quantity is preferred over Nj for the following reasons. By construction, Jj; is intensive (a fraction), and so its dis-
tribution is more stationary than the distribution of N;;, which is instead an extensive quantity that is systematically biased
by the persistent exponential growth of scientific publication output [96] — see Fig 1B. Thus, J;; supports analyzing rela-
tionships that persist and develop in excess of baseline secular growth patterns. At the same time, the denominator of J;
explicitly controls for the wide variation in publication volume N; across institutions — see Fig 1D. In the same way that tra-
ditional gravity model approaches control for the size of the units as explicit cofactors [5,7]), in what follows this cofactor
(i.e., N)) is implicitly incorporated into our dependent variable definition. Together, this dependent variable standardization
accommodates cross-temporal regression analysis spanning multiple decades.

The Jaccard index is a valid proxy of intersection when the sample sizes N; and N; are sufficiently large, a condition
that applies to most statistical metrics. Otherwise, the Jaccard index can be biased by the minimum-bound inequality
Nj: < Min(N;, N;), which generates relatively small J;; values when Min(N;, N;) < Max(N;, N;). This scenario can be difficult
to distinguish from small J;; values reflecting genuinely weak intersection (i.e., Njj < N; + N; — Nj). A similar problem asso-
ciated with sample sizes significantly smaller than the average (N;, N; < N) is that relatively large J;;; ~ 1 can occur due
to random chance. As our institutional sample focuses on research-intensive institutions, N;; values are sufficiently large
so as to avoid these small-sample issues — see Fig 1D. The average and standard deviation of J; in our data sample is
0.0051 + 0.0072 with (min, max) values of (0.0001, 0.0955).

Quantifying the research area profile of institutions

A reliable classification of scientific research areas is essential for consistently measuring specialization across institutions
and time. To this end, we exploit the longstanding classification of journals indexed by WOS according to research areas
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(corresponding to the SC field tag), which facilitates measuring the disciplinary profile of individual universities. This jour-
nal classification is comprised of 153 individual research areas that map onto 5 broad categories (denoted here by SC),
with some journals featuring two compounded SC. As such, we focus on the six most frequent SC associated with co-
produced research, which together span 87% of the entire data sample. Four of these categories are singular SC, and two
represent compound SC (e.g.“Life Sciences & Biomedicine x Physical Sciences”). Thus, for a given set of publications,
we denote the proportion of publications featuring a particular SC distribution by the vector € = {fsc1,fsco, .- fsce}, Where
individual components are bounded 0 < fg¢, < 1 and the vector is normalized, 2321 7‘SCX =1.

For each institution /, we calculate a research area profile (denoted by 750) for two non-overlapping sets of publications:
the first being mono-university research affiliated with i; and the second being multi-university research affiliated with each
institutional pair jj. Each set of publications is useful for calculating a measure of research area diversity by way of the
Herfindahl-Hirschman index (HHI), @S¢ = 1 — ¢ . f5C_ n the first case, we use ?,3,8 defined by mono-university research to

calculate the disciplinary diversity of a particular institution, denoted by d>; =1 — 7?,\3 ?j‘,\cj And in the second case, we use

F?C to calculate the disciplinary diversity of the research co-produced by universities i and j, denoted by d;fc =1- ﬁc . ?,fc
The minimum value dS¢ = 0 corresponds to a maximally concentrated distribution dominated by a single SC, connoting
an extremely specialized institution; and the maximum value 5/6 = 0.83 corresponds to a uniform distribution of SC more
representative of a traditional multi-disciplinary RU.

To further explore how institutional similarity moderates RIS integration, we define the pairwise institutional alignment

A/}Src = fft',:M ) fjstCM €[0,1] (2)

calculated using each institution’s mono-university publications. Institutions with little overlap in their research area profiles
will generate small values, with Alffc = 0 indicating no overlap at all. Two institutions that are maximally concentrated in the
same single SC will generate the maximum value AI?C = 1. And institutions with mixed research area profiles will generate
intermediate values of A;?C, which empirically tend to cluster around A,.js.c ~ 0.26 when the institutions i and j are both tradi-
tional research universities (i.e. offering undergraduate and graduate education programs across a multi-disciplinary array
of fields). The average and standard deviation of A; is 0.26 + 0.17 with (min, max) values of (0.053, 0.95).

Research co-production model specification

In order to systematically evaluate the relative contributions of the four institutional assortativity channels on the structure
and dynamics of institutional research co-production (quantified by J;;), we estimate the coefficients of the following linear
regression model,

Jij,t = const. + ﬁMUSMUSij + ﬁA\MUS(Aij,t—'l X MUS,I)
+ 5RRij,t—1 + Vi +VGeo T Vi T E. (3)

We implemented the estimation using STATA 13 “reg” including robust standard errors. The full set of parameter esti-
mates are shown in the model (7) column in Table 1; see the SI Appendix for complete model variable descriptive statis-
tics.

This model specification accounts for factors such as distance and relative size of the entities as in the traditional grav-
ity model (see for example [5,7]), while also accounting for each of the four assortative channels. The main distinction
from the gravity model is that we do not assume a multiplicate relationship between the dependent variables, which is
implied when the dependent variable enters as a logarithm. Second, because N;;; and N;; are extensive variables that are

PLOS Complex Systems | https://doi.org/10.1371/journal.pcsy.0000088 February 5, 2026 12/ 30



https://doi.org/10.1371/journal.pcsy.0000088

PLOK- Complex Systems

Table 1. Research co-production model - full set of parameter estimates. We implemented the estimation using STATA 13 including year fixed-
effects and robust standard errors; see Eq (3) for the model specification. The dependent variable in each model is the research co-production Jj;¢
between institutions i and j in year ¢ calculated for publications in the 21-year period 2000-2020. We incorporate the alignment with a 1-year lag,

Azf_1 = 7"331 u T‘IS[C1 " to account for inter-annual variation in research area profiles fsc’ note that research area profiles are calculated using mono-
university (denoted by M) publications of institution i/, whereas J;;; are calculated for co-| produced publications. Below each point estimate is the
associated p-value. See S3 Fig. for the corresponding descriptive statistics and covariance matrix. See Fig 5C for a plot of the interaction yyysx; coeffi-
cients included in model (8) to identify the temporal trend associated with institutional homophily. See Fig 5D for a plot of the interaction 3, coefficients

generated by model (8) to identify the temporal trend associated with institutional prestige involving two premier universities (Prem;; = 2).

(1 (2 (3) 4) (5) (6) (7) (8)
Jij’t J’]’t J"j,t J"j,t J"j’t J"j,t J"]"t Jij’t
MUS pair, MUS;; = 1 0.00242*** —-0.0000974 —0.00144*** —0.00386***
(0.000) (0.810) (0.000) (0.000)
Research alignment, AU 1 0.00506*** | 0.000425
(0.000) (0.388)
Research alignment for 0.00170*** 0.00154 %
IMUS pair, ASC . 4IMUS; =0 (0.002) (0.000)
Research allgnment for 0.00878*** 0.00846*** 0.00859***
MUS pair, A>C | IMUS;; = 1 (0.000) (0.000) (0.000)
Co-located metro. area pair, 0.0150*** 0.0142%** 0.0142%**
Gjj =Metro (relative to (0.000) (0.000) (0.000)
Gj =Within-RIS)
Across-RIS (XRIS) pair, 0.00303*** 0.00256*** 0.00254***
Gjj =Across-RIS (relative to (0.000) (0.000) (0.000)
G =Within-RIS)
Single premier Uni., —0.000294 0.000354 0.000134
Premj = 1 (relative to (0.190) (0.088) (0.900)
Prem; = 0)
Premier Uni. pair, Prem;; = 2 0.00313*** 0.00283*** 0.000595
(relative to Prem; = 0) (0.000) (0.000) (0.611)
Institutional size ratio, R;; —0.000154*** | —0.000101*** | —0.000105***
(0.000) (0.000) (0.000)
Year (tf) dummy Y Y Y Y Y Y Y Y
MUS-Year interaction, N N N N N N N Y
MUS,/ Xt
Premier Uni.-Year N N N N N N N Y
interaction, P; x t
Constant 0.00262*** | 0.00181*** | 0.00234*** | 0.00127*** 0.00282*** 0.00453*** 0.000774 0.00211
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.056) (0.066)
N 6364 6364 6364 6364 6364 6364 6364 6364
adj. R? 0.044 0.033 0.064 0.192 0.051 0.063 0.257 0.270

p-values in parentheses

* p<0.05, ** p<0.01, ** p<0.001

https://doi.org/10.1371/journal.pcsy.0000088.t001

susceptible to temporal trends, we focus on the intensive variable J;; that appropriately standardizes the nominal integra-

tion measure Nj;; by the pairwise subsample size (N;; + N;;

— Nj,,). The coefficients in the resulting model measure the

degree to which shifts in J;; are attributable to time-invariant (e.g. spatial variables) and time-dependent co-variates (e.g.
institutional sizes). For the latter variable type, we account for potential causal relationships by implementing 1-year lags
in the variables denoted by R;;_4 and Aj;_1.
Considering the role of each co-variate more specifically, we start with the spatial factor variable ygeo = (Buetros Bwris
Bxris), Which classifies the institutional pair according to three non-overlapping categories denoted by the categorical vari-

able G;. The first category is G =

Metro, corresponding to institutions that are co-located within a greater metropolitan

area (e.g. UTD, UTA, UTSWMCD and SMU); the second is G; = WRIS, corresponding to institutions within the same state
but extending across metropolitan areas; and the third is G; = XRIS, corresponding to institutions spanning across state
boundaries. In what follows, we employ the second within-RIS group as the baseline category.
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We measure institutional homophily via the binary indicator variable MUS;; = 1,ys ;, Which represents institutional
pairs where both institutions belong to a common MUS with the value 1, and 0 otherwise. We measure the role of insti-
tutional specialization as it manifests in the research area alignment of the two institutions, denoted by A;. Note that
research area profiles are calculated using mono-university publications of institution i, whereas J;; is based upon co-
produced research. Moreover, we include an interaction between A; and MUS;; to explore the moderating role of institu-
tional homophily on the contributions attributable to the alignment of institutional specialization.

To account for institutional prestige we employ two measures that control for institutional reputation as well as rela-
tive size variation. The first is a categorical variable that measures the combined reputation among the pair ij by count-
ing the number of premier institutions, denoted by Prem;;. This variable has three categories corresponding to 0, 1, or 2
institutions, and generates a set of corresponding coefficients denoted by y, = (8y, B, B++)- In what follows, we employ
the group with 0 premier institutions as the baseline category. The second quantity is the institutional size ratio R;;; =
Max[N;;, N;:]/Min[N;s, N; ] > 1, which facilitates estimating the propensity for institutions to sort according to relative dif-
ferences in total research production. Values of R;; ~ 1 represent institutions of roughly similar size, whereas R; > 1 con-
trols for institutional size asymmetry. The average and standard deviation of R; is 5.9 + 9.8 with (min, max) values of (1.0,
150). And finally, y; represents annual fixed effects, such that estimates are measured in excess of idiosyncratic temporal
shocks.

Temporal interaction model: To explore the temporal trends in the MUS; and Prem; variables, we elaborate on the
basic model by including temporal interactions,

Jij,t = const. + VMUSxt(MUSij X t) + ﬁA\MUS(Aij,t—1 X MUS,I)

+ BRRI'/'J—1 + Yixt T VGeo T 7t T E. 4)

The interaction MUS;; x t facilitates exploring the temporal evolution of this factor over time, which offers insights into
the sensitivity of the MUS backbone to financial resource constraints characteristic of financial shocks such as the 2007-
08 financial crisis. Similarly, the interaction Prem;; x t generates a set of corresponding coefficients . = (Boxt> Buxt» Bxxxt)-
For both interaction terms we measure the temporal change relative to the baseline value in 2000. The full set of parame-
ter estimates are shown in the model (8) column in Table 1, and are demonstrably robust with respect to model (7) which
lacks the temporal interactions.

Results
Visualizing the structure and dynamics of RIS integration

Given the relatively high density of connections among institutions, we present the ensemble of co-production intensities
quantified by J;; as an ordered matrix. This descriptive visualization strategy is sufficient to reveal the structure of RIS
integration and also facilitates the identification of dynamical patterns. To this end, the two sequential J;; matrices shown
in Fig 2 illustrate the structure and dynamics of these two RU ecosystems, showing significant levels of within-RIS and
across-RIS integration. Visual inspection suggests that within-RIS co-production is strongly mediated by both institutional
homophily prioritizing within-MUS collaboration, as well as stratification according to institutional prestige.

To more objectively identify RU clusters in each J;; matrix we employ a standard unsupervised (modularity maximiz-
ing) algorithm [97]. Results indicated along the border of each matrix confirm that clusters strongly correlate with spatial
proximity largely corresponding to each RIS. The presence of notable community overlaps reflects the fact that J;; are
constructed by aggregating publication data across disciplinary boundaries (i.e., SC). While it is outside the scope of the
present analysis, we anticipate that co-occurrence matrices constructed conditionally upon certain research areas would
show more distinct communities.
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Fig 2. Structure and dynamics of within-RIS and across-RIS research co-production (RQ1). (A,B) The matrix J; measures the fraction of research
output co-produced by universities i and j by way of the Jaccard similarity index. We identify university clusters using a modularity maximizing algorithm
[97], as indicated by the gray-scale border segments along the upper border; within each cluster, universities are ordered according to their research
productivity, N;. Comparison of J;;; tabulated over two consecutive time periods indicates assortative regional integration mediated by spatial proximity,
institutional prestige and biomedical & health science specialization. Each color-legend extends to the maximum value; the cyan segment begins at the
value of the 10th-largest J; value to facilitate identifying the most prominent pairs. (C) Minimum spanning tree representation of J;;; shown in panel (B).
(D) Slope-graph showing the rank-changes according to the weighted PageRank centrality calculated for the two matrices shown in (A,B). Universities
with increasing centrality tend to specialize in biomedical and health sciences. See S1 GIF for a dynamic visualization of J;; at the 1-year resolution from
1970-2020, and S1 Fig. for the PageRank centrality dynamics.

https://doi.org/10.1371/journal.pcsy.0000088.9002
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Three commonalities among the most prominent J;; values (highlighted by cyan) are: they feature strong alignment in
research area specialization (e.g. UT Austin most frequently co-produces with other premier engineering schools at Cal-
tech and UCB); indications of prestige sorting among the most premier institutions (e.g. UCLA features relatively high J;;
with UCSD, Stanford, UCB and UCSF); and the institutions are co-located within a single metropolis (e.g. UT Dallas and
UTSW; UTMDACC and UTHealth; UCLA and USC). Across-RIS integration is most prevalent among the specialized UT
health science centers, UCSF, and traditional multi-disciplinary research universities featuring prominent medical schools
(e.g., Stanford, USC, UCLA, UCSD).

Comparison of J;; clusters calculated for 2010-2015 and 2016-2020 indicates an increasing role of institutional special-
ization and homophily contributing to RIS integration. This contextual regularity is reproduced by the minimum spanning
tree representation of J;; shown in Fig 2C. This network representation indicates that the backbone of the RIS networks
are universities with prominent medical schools and health science centers, and highlights the role of the most prominent
hubs as mediators of both within- and across-RIS research co-production. In a similar vein, Fig 2D shows that institutions
featuring the greatest cross-temporal increases in network centrality tend to be those specializing in biomedical and health
sciences.

From a dynamic perspective, we analyze the information contained in the sequence of J;;; matrices to understand how
the system responds to exogenous resource shocks, in particular the 2007-08 global financial crisis, which impacted fed-
eral and private spending on R&D [47,73-76], as well as university financials and academic labor markets [66,70—72]. To
this end, the average value Jt measures the characteristic level of pairwise integration, we note a dramatic decline at the
onset of the financial crisis. Following a period of re-consolidation, the system features a second substantial negative shift
from 2016-2020 — see Fig 3A. Thus, while it may be tempting to assume that RIS integration has increased by following
secular trends of globalization [42], we find variation and departure from aggregate trends at the regional level.

Two complementary weighted network metrics yield additional insights into the dynamics of clustering and assorta-
tive mixing among institutions [41,89,90]. Treating J;; as a weighted network, we calculate the mean clustering coefficient
which quantifies the degree to which the strongest co-producing institutions of a given institution also feature relatively
high levels of research co-production between themselves. Fig 3B shows that the strength of prominent institutional tri-
ads started to increase at the onset of the financial crisis indicating the emergence of structural modularity [98]. Instead,
the network assortativity coefficient measures the propensity for institutions to sort according to the relative magnitude of
neighboring J;; values [89]. If institutions with relatively high (low) J;; tend to pair with other institutions featuring relatively
high (low) J;;, then the J;; configuration will generate positive values of network assortativity. Conversely, if institutions
with relatively high (low) J;; tend to pair with other institutions featuring relatively low (high) J;;;, then such a configuration
will generate negative values of network assortativity. Results indicate that network assortativity is largely negative and
tracks the trend observed for Jt. These three metrics are consistent with a general shift towards regional collaborations
orienting around resource sharing and less about prestige sorting during the 2007-08 financial crisis. Yet we also observe
a general fragmentation of J;;;, with the recovery of structural integrity extending well into the mid 2010s — see S1 GIF for
a dynamic visualization of J;; at the 1-year resolution from 1970-2020. This finding is consistent with work studying the
impact of this global financial shock on the research enterprise over the short and medium term [47,66].

Regional integration is mediated by the dichotomy of institutional diversity and specialization

We exploit the distinct multi-campus university system configurations in CA and TX to provide additional insights regard-
ing the role of institutional specialization on regional integration. One the one hand, the UC features 9 campuses whose
research profiles are variations on a multi-disciplinary theme. As such, researchers seeking to develop multi-university
projects ranging from small collaborations to large consortia can strategically assemble expertise, access to equipment
and other resources by coordinating within the system, as the organizational redundancy offers many options from which
to choose. Contrariwise, if a large proportion of campuses are highly specialized and feature low redundancy, then there
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Fig 3. Structural dynamics of regional integration (RQ2). (A) Mean value of the co-production matrix J;;; calculated from 2000-2020. (B) Two
weighted network measures capturing the structural properties of Jj ;. The weighted mean clustering coefficient measures the prevalence of prominent
institutional triads [98], such that three institutions all feature relatively high co-production values, largely reflecting the emergence of modularity in the
institutional ecosystem. The network assortativity measures the propensity for institutions to sort according to research co-production intensities, with
negative values reflecting systems governed by resource constraints and zero-sum interactions [89]. Dashed lines indicate the mean value across each
time series.

https://doi.org/10.1371/journal.pcsy.0000088.9003

are relatively fewer within-MUS combinations that offer sufficient multi-disciplinary alignment. This latter scenario is more
representative of the UT system, where roughly half of the institutions are biomedical and health science oriented, and the
remainder are more traditional multi-disciplinary institutions. (Note that UT Austin was the only campus prior to 2016 with
a medical school; the UTRGV and UTT medical schools launched very recently, in 2016 and 2021, respectively).

To explore the combinatorial implications of MUS composition — both at the institutional and system levels — we lever-
age the WOS research area categories (denoted by SC) to define a research area profile for a given institution over a
particular time period. Fig 4 shows the disciplinary signature of each institution according to the relative frequencies of
six primary SC categories, as indicated by 5¢. More specifically, we calculate two variants of ¢ according to two non-
intersecting publication subsets. First, for each institution we calculate a research area profile based upon its mono-
university research, denoted by 7?5 And second, for each institutional pair we also calculate a research area profile 7;‘.0
based upon research co-produced by institutions / and j (i.e., the subsample of size Nj;;). Fig 4A and 4B show the fre-
quency distributions 715,\3 and ?fc The 7’,3,3 representations shown along the diagonal of each matrix indicate a wide range
of research area distributions, both across and within each region and MUS. In the UC and UT, seven campuses feature
the maximum observed d; = 0.75 (UCB, UCSB, UCSC, UCM, UTAu, UTRGV and UTEP). Contrariwise, the specialized
biomedical and health science centers feature relatively small diversity, d; < 0.16.

Comparison of 77'3,3 and 7‘?0 profiles for a given i indicate that co-produced research is mediated by the particular spe-
cialization of each university, such that more specialized institutions (e.g. Caltech) tend to co-produce research with other
universities that align with their principal research area (i.e., “Physical Sciences”). This pattern indicates that research co-
production is mediated by research-area alignment rather than complementarity. Moreover, it also suggests that regions
comprised of institutions with a rich variety of SC profiles will foster higher levels of integration. Interestingly, a bi-product
of this coupling mechanism are lower dlffc levels observed for the co-produced research relative to distribution of d,S;S val-
ues calculated for mono-university research. Hence, while regional integration is supported by alignment, the co-produced
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Fig 4. The composition and diversity of institutional research area profiles conditions the degree of regional integration (RQ3). Research
area composition and diversity for (A) California and (B) Texas, calculated for research published between 2016-2020. For each matrix, the pie charts
comprising the upper diagonal matrix show the relative frequency f?c of various WOS “Research Areas” across research co-produced by each
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university pair jj. Pie charts along the diagonal show the SC distribution 7]_60 tabulated using mono-university research over the same period. To measure
SC diversity we calculate dis.C =1 — HHIj;, where HHI is the Herfindahl-Hirschman index calculated across the six SC categories: small (large) dSCvalues
correspond to concentrated (diverse) SC profiles. Each dj value is shown in the cross-diagonal matrix element ji. University pairs with less than 50
co-publications are omitted from each matrix. (C) Below each matrix we show the interquartile range of dj; values (purple) derived from co-produced
research relative to the distribution of d; derived from mono-university research (gray). The distribution of dj; is shifted towards lower values, indicating
that regional research co-production is mediated by university-level research area specialization. (D) Negative correlation between alignment of research
areas between universities (A,.js.c = 73\?, . 7‘]?,3) and the diversity of co-produced research, dj. This relationship explains a significant portion of within-RIS
variation in dj; exhibited in panel (C). (E) Positive correlation between university alignment and pairwise integration, J;. Comparing the characteristic
levels of J;; between regions highlights the higher degree of ecosystem integration in CA versus TX. Callouts indicate highly localized university pairs,
indicating the role of spatial proximity in addition to institutional similarity.

https://doi.org/10.1371/journal.pcsy.0000088.g004

research outcomes tends to be more concentrated in specific research areas that are likely representative of institutional
strengths — see Fig 4C.

Finally, comparison of dSC distributions within and across regions demonstrate how institutional specialization condi-
tions regional integration. The distributions of d/S/S shown in Fig 4C are more narrowly distributed in the UT, which in turn
constrains the variation in d?c. These constraints represent hard limits on the combinatorial synergies that can be real-
ized between institutions. Notably, a significant number of institutional pairs co-produce fewer than 50 publications, cor-
responding to empty cells in Fig 4A and 4B. These structural holes underscore the different levels of regional integra-
tion in CA versus TX. This result is only partly attributable to the distinct institution specialization in TX, as there are even
notable weak links among the academic institutions (denoted by UT,). Hence, one of our main findings is that maintain-
ing a balance between institutional redundancy and variation is essential for creating a wide range of potential institutional
synergies, and influences the degree to which regional ecosystems integrate.

We observe a negative relationship between dl.js.C and Al.js.C for both CA and TX — see Fig 4D. These trends exhibit the
downside of redundancy. At the same time, they highlight the multidisciplinary advantage of regions featuring a diversity
of institutional research area profiles. This latter point is reflected by the distribution of A,?C values, which is more continu-
ous for CA and more modal for TX. At the same time, we observe a positive relationship between A,?C and Jj, reinforcing
the principle that institutional ecosystems integrate according alignment rather than complementarity, while also exhibiting
a higher degree of integration in CA relative to TX — see Fig 4E. Notable J; outliers tend to be neighbors within the same
metropolis, which points to the persistent advantages of co-location.

Multi-campus university systems promote regional integration

Research co-production affinities that persist over distance and time point to the factors that generate structural resiliency
within innovation systems. In this regard, we exploit the annual variation in J;; over the period 2000-2020 to evaluate

the relative strength of assortative channels as they relate to regional integration. We employ a panel regression speci-
fied in Eq (3) to simultaneously measure the relative contributions of four assortativity channels to rates of research co-
production. As an indication of goodness-of-fit, our full model generates an adjusted R? = 0.257. See Fig 5A for a visual
summary of the focal variable estimates; and see Table 1 for the full list of point estimates and demonstration of model
specification robustness.

Whereas much of the research on global collaboration trends supports the ‘death of distance’ perspective [80,99], our
results show that spatial proximity is still a dominant factor at the regional scale, as noted in other studies [42,53,100].
The coefficient B, Measures the contribution from agglomeration density by denoting institutional pairs that are acutely
proximal corresponding to a <2 hour driving distance within a greater metropolitan area. By way of example, four institu-
tions in our sample are located within the greater Dallas-Fort Worth area. Measured relative to the baseline within-RIS
category, the coefficient Bye10 = .014 (p < 0.001; 95%CI = [0.012, 0.016]) quantifies the excess co-production attributable
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Fig 5. Sensitivity of multi-university research co-production to assortativity channels and exogenous socio-economic shocks (RQ4). (A)
Regression model point estimates. The impact of institutional co-location on research co-production is roughly 5x stronger than both the impact
attributable to institutional prestige affinity (8,4) and the impact attributable to geo-political barriers affecting across-region collaboration (Bxg/s)- Sta-
tistical significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001; model adjusted R? = 0.27. (B) Marginal effect of institutional alignment AI.JS.c conditional
on MUS homophily, holding all other regression model covariates at their mean values — see Eq (3) for the model specification. Differentiating between
ij pairs belonging to a MUS from those that do not (IMUS) shows that institutional homophily (MUS) moderates regional integration. The vertical dashed
line corresponds to the mean Aifc value. (C) Plot of the temporal trend associated with institutional homophily, yyus«t- Green data points indicate years
in which the coefficient significantly deviates from the baseline value in 2000 at the p < 0.05 level. Note a general increase in y,,ysxt Up until the period
of global financial crisis in 2007-08. (D) Plot of point estimates indicating the temporal trend associated with “binary star” co-production between two
premier universities, S, «x:- Red data points indicate years in which the coefficient significantly deviates from the baseline value in 2000 at the p < 0.05
level. The intensification of prestige sorting (2016-2020) follows the recovery period (2009-2012, during which the RU networks fragmented). See
Table 1 for the full list of regression model point estimates.

https://doi.org/10.1371/journal.pcsy.0000088.9g005
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to co-location within the same metro area, which exceeds the characteristic co-production levels for many of the institu-
tional pairs shown in Fig 2. Moreover, Byeto is roughly 5.5 times larger in magnitude than coefficient representing across-
RIS pairs, Bxris = 0.0026 (p < 0.001; 95%CI = [0.002, 0.003]), and is also 5 times larger than the prestige effect 5,
reflecting pairs where both i and j are premier institutions.

On of our main results is the relation between research area alignment AI?C and research co-production Jj;;, and the
degree to which it is moderated by institutional homophily. We operationalize this differential by measuring the coeffi-
cient associated with A,.IS.C conditional on the two institutions ij belonging to the same MUS or not, denoted by the binary
variable MUS;;.. Fig 5B shows that institutional pairs belonging to a common MUS feature a marginal effect of alignment
that is 5 times stronger than the counterfactual: S4ys = 0.0085 (p < 0.001; 95%Cl = [0.006,0.011]) and Bamys = 0.0017
(p < 0.001; 95%CI = [0.0009, 0.0025]). How consequential is this difference in terms of the net impact on research co-
production levels? To assess the magnitude of this difference, we consider two institutions featuring the average level of
alignment Z,-j = 0.26. At that level, the net differential Sanus — Bamus = 0.007 (p < 0.001; 95%CI = [0.004,0.090]) corre-
sponds to a 50% increase in J;; for MUS members relative to the counterfactual. This substantial difference reflects the
advantages of access to common pool resources such as state and system-level funding initiatives, in addition to the rel-
atively higher familiarity and mobility among scholars within multi-campus university systems that generate ecosystem
network effects.

The degree to which institutions sort according to reputation is captured by the categorical variable Prem;;, which
counts the number of premier institutions among the pair jj. We do not identify a significant difference associated with
institutional pairs involving 1 premier relative to the baseline of 0 premier institutions (5, = 0.0004; p = 0.08; 95%CI = [-
0.0001, 0.0008])). However, we do identify a substantial increase in co-production attributable to “binary star” pairs fea-
turing 2 premier institutions, §,, =0.0028 (p < 0.001; 95%CI = [0.0023, 0.0033]). This result is indicative of the prestige
hierarchies that foster the emergence of rich clubs in science [36,37,55].

The degree to which institutions sort according to their size prominence is captured by the continuous variable R; >
1, which measures the ratio of the larger relative to the smaller institution size. A tendency for larger institutions to co-
produce relatively more (relatively less) with smaller institutions corresponds to 5z > 0 (respectively, gz < 0); and if there
is no tendency for size-stratification, then Sz = 0. Additionally, this quantity controls for extensive variables associated with
institutional size that generate larger N;;, such as the amount of research infrastructure and the researcher population.
Results indicate a negative correlation, Sz = —0.0001 (p < 0.001; 95%CI = [-0.00011, —0.00009]), indicating a tendency
for institutions to pair according to size. This results implies a comparative advantage among larger legacy institutions, as
the preferential coupling may inadvertently generate barriers to entry for smaller regional counterparts.

Evolving roles of institutional homophily and prestige sorting. Having identified the relative contributions of the
four assortativity channels, we next examine trends in two categorical variables that reflect dynamic relationships sensi-
tive to social and economic change. First, we assess how multi-campus university systems have contributed to regional
integration over time by analyzing the interaction term MUS;; x t incorporated into the interaction model specified in Eq
4). Shown in Fig 5C, the set of coefficients yys«: Capture the incremental change relative to the baseline year 2000.

The results indicate a general increase in the strength of institutional homophily over the past two decades, interrupted
by a sharp decline following the 2007-08 financial crisis. This trend digression highlights the sensitivity of institutional
homophily and regional integration to the sudden emergence of resource constraints. These findings align with the struc-
tural metrics in Fig 3, which similarly suggest that institutions formed strategic partnerships prioritizing regional clusters
while reducing emphasis on prestige-based stratification.

Second, we evaluate the evolution of institutional prestige stratification using the interaction term Prem;; x t. Fig 5D
shows the “binary star” coeffiecients 8, .. representing co-production between two premier institutions measured relative
to the baseline category Prem;; = 0 measured in the baseline year 2000. (For brevity we do not show the other time series
for the 8, for which none of the point estimates significantly deviate from the baseline level at the p < 0.05 level.) After a
post-crisis decline, S, .. reversed course in 2012, and by 2016, exceeded its baseline value significantly. This resurgence
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reflects a parallel mechanism of fragmentation within the ecosystem, visible in the evolving network community structure
of Jj;—see S1 GIF.

While both MUS affiliation and prestige sorting contribute to the ecosystems structure, resilience to systemic shocks
appears more strongly tied to the institutional redundancy and stability of MUS. However, the recent strengthening of
prestige-based ties suggests that regional administrators must carefully balance investments that support both flagship
institutions as well as the broader network connectivity representing foundational infrastructure that is fostered by MUS on
the whole.

Discussion

We analyzed the structure and dynamics of regional university ecosystems, focusing on both institution- and system-level
attributes that facilitate research co-production. Accordingly, our framework provides valuable insights and approaches for
monitoring regional integration and institutional specialization that have been central to innovation system policy initiatives
tem synergies and foster increasing returns to scale owing to a principal advantage of systems of systems, a la Aristo-
tle’s “the whole is greater than the sum of its parts” principle. To this end, our analysis focuses upon four complementary
dimensions of institutional assortativity that support research co-production that persists over distance and time. While
our results are based upon two prominent US states (CA and TX) featuring established public university systems and elite
private universities (Fig 1), our framework readily generalizes to other regions and geographic scales.

Our main results pertain to the mechanism by which institutional research diversity mediates research co-production
and RIS integration. By juxtaposing institutional research area profiles calculated for mono-university (M) versus multi-
university (XU) research (7;‘,3 and ?fc respectively), we contribute a detailed understanding of the relation between
research co-production (J;, derived from XU research) and institutional alignment (AUS.C, derived from M research). Results
show that RIS integration is conditioned by the distribution of institutional alignments, as the combinatorics of diversity
favor institutional breadth over specialization — see Fig 4. More specifically, since less specialized institutions (larger dfﬁ)
have more ways to align with other multi-disciplinary institutions, this configurational perspective explains the more com-
plete system-level integration observed in CA, where many large universities feature relatively high dISAS values. It follows
that regional innovation systems featuring a broader range of multi-university configurations are well positioned to har-
ness scientific and technological convergence [23,35,101] and to thereby address pernicious hybrid problems that pose
substantial regional as well as global systemic risks [21]. Hence, these result also have implications for institutional invest-
ments in interdisciplinary initiatives [102,103], regional multi-campus funding programs (such as the UC system’s internal
Multicampus Research Programs and Initiatives (MRPI) that feature explicit multi-campus criteria), and the overall design
of multi-campus university systems (MUS) aimed at optimizing the returns to specialization.

Exploiting the different organizational configuration of the UC and UT systems — in particular associated with special-
ized biomedical and health sciences institutions — was a principal motivation for focusing on CA and TX. The prominence
and legacy of the UC and UT systems also facilitates analyzing the role of institutional homophily, defined as the affin-
ity for within-MUS research co-production. Our results indicate that this affinity is substantial, generating a roughly 50%
increase in research co-production rates among MUS members, net of spatial proximity and other factors — see Fig 5.
This result is analog to the finding that the formation of collaborations across academic, industrial and governmental sec-
tors — which involves bridging distinct organizational and cultural differences — is more sensitive to spatial proximity than
within-sector collaboration [5,7].

Accordingly, we posit that the long-run contributions to regional integration by MUS owes to multi-institutional (struc-
tural) ambidexterity — an advantage gained by organizations capable of exploiting traditional paradigms while exploring
new strategies [62,63]. In the present context, institutional ambidexterity can be leveraged via three dynamic capabilities:
(i) diversity: achieved by implementing variations on the theme of conventional organizational and governance structures,
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and by investing in strategic specialization at both the individual RU and system level; (ii) adaptability: achieved by lever-
aging the combinatorics of strategic institutional configurations to address discipline-spanning regional and global chal-
lenges [21,23,24,103]; and (iii) scalability: achieved by periodically extending the system to serve a greater share of the
region’s population, thereby optimizing for returns to scale [104]. These capabilities are essential for casting a wide and
MUS not only generate a resilient backbone supporting RIS integration, they also generate indirect network effects by
supporting national (across-region) career pathways, as evident in the relatively high coupling between the UC and UT
systems.

Our results also expose the impact of macro-economic shocks on integration within and across regions, as indicated
by trends in research co-production during and after the 2007-08 financial crisis. We observe a significant burst of multi-
university research among UT health science centers during this global economic downturn, indicative of increased
within-MUS resource sharing within that subsystem, coupled with a sharp decline in research co-production within and
across systems. These macro level trends are complemented by structural shifts in the J;; matrix, in particular a positive
shift in the mean clustering coefficient and a negative shift in network assortativity. These trends together indicate that
researchers adjusted to financial constraints and uncertainty by prioritizing within-region collaborations and de-prioritizing
prestige hierarchies — see Fig 3. Notably, the re-organization of the J;;; structure extended well into the 2010s, as evi-
denced by comparing the fragmented community structure during 2010-2015 to the more consolidated structure during
2016-2020 - see Fig 2 and the S1 GIF for a dynamic visualization of J;; at the 1-year resolution from 1970-2020.

While previous studies have studied the strength of prestige sorting across more comprehensive sample of univer-
sities [36,37,55], we focused on institutions concentrated in two regions in order to control for institutional environment,
and to generate a more comprehensive representation of the breadth of institutions within each region. Yet certain limi-
tations persist and arise at this scale and focus. First, we did not include the entire set of universities in each ecosystem.
This choice was largely driven by data collection limitations. Furthermore, extending to larger number of institutions would
involve visualization tradeoffs, and require additional institutional controls regarding the intensity of the research mission
relative to the educational mission. Second, only a few states can support public university systems featuring the diversity
and scale of the UC and UT, so extensions of this framework to greater numbers of regions should account for economy
size and population density.

Third, our analysis does not account for varying propensities in problem selection and team design, which may depend
on the individual and their research discipline. Consequently, multi-university collaborations may select into certain types
of projects and problems, influencing the rate and impact of outcomes. By way of example, mega-projects that increas-
ingly span the globe, such as the ATLAS and BABAR particle-physics collaborations, can explain a substantial portion of
SMU research co-produced with UTA, UTD and UCSC during the period 2010-2015. While the contribution of large team
projects is relatively small relative to the bulk of research produced, it tends to be magnified when the analysis is condi-
tioned on XU research. Large international projects and other such latent drivers of institutional co-production represent
omitted mechanisms not captured by our battery of controls, and offers avenues for improvement of the model specifi-
cation. In our present study, this omitted variable bias manifests in manageable levels of heteroskedasticity observed in
our assessment of OLS regression residuals — see S4 Fig. This issue is nevertheless addressed by our model estimation
using robust standard errors and relatively large sample size.

Fourth, we do not account for other relevant assortativity channels specifically capturing variation in cultural diversity
or governance structure, for example. Nevertheless, the public-private distinction and the common institutional policies
shared among MUS campuses do reflect substantial variations in institutional governance and access to state funding that
begin to account for culture and governance.

Finally, further research is needed to clarify the causal nature, effect size, and generalizability of the relationships iden-
tified between institutional assortativity and regional integration. For instance, while the tendency for within-MUS collabo-
ration aligns with the expected role of homophily in multi-organization settings, further research is needed to evaluate the
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impact and effectiveness of system-level interventions (such as UC MRPI) in fostering sustained and impactful integration
within MUS.

Conclusion

We conclude with an outlook for research enterprise management. Research universities are key sources of knowledge
and skilled labor, forming the foundation for regional development and public investment. These multifaceted institutions
are tasked with harnessing dynamic capabilities through strategic resource allocation, human capital development, critical
R&D infrastructure, decision-making across multiple time horizons, institutional brand management, and multi-university
initiatives [32,66,107,108]. Achieving and scaling these objectives across a complex multi-level organization is a chal-
lenge that is manifestly compounded in multi-campus university systems. Whereas our main results relate to institutional
assortativity and RIS integration, our study also provides insights relevant to research development administrators.

Our findings suggest that MUS design should be tailored around both system integrity and flagship institution com-
petitiveness [56]. Whereas system integrity is important for leveraging the network effects that promote a rich set of edu-
cational and research career pathways for attracting and retaining talented scholars within each RIS, supporting institu-
tional competitiveness is critical for driving breakthrough innovation, securing large-scale infrastructure funding, attracting
strategic boundary-spanning collaborations, and developing the brand equity that supports attracting student enroliment
institutional specialization and regional integration, as over-specialization reduces the possibilities for multi-institutional
alignment. As such, weakly-integrated RIS may limit the extent to which institutions can benefit from the positive exter-
nalities generated by premier universities and the prominence they generate at the international level. Similarly, whereas
our analysis does highlight metropolitan co-location as a particularly strong driver of institutional integration, MUS design
should also consider the potential disadvantages of having too many campuses within a particular city. One possible
downside of metropolitan agglomeration is that it may reduce the amount of regional integration that would have otherwise
occurred if the campuses were more evenly distributed. Additionally, such concentration may lead institutions to over-
exploit convenient local collaborations over exploring the diversity of potentially complementary partnerships across the
region.

Another key insight for administrators, researchers, and funding agencies is how the development of regional integra-
tion can contribute towards solving wicked problems arising from networked risks at the nexus of socio-economic and
environmental systems [21,23,24,103]. Further work is needed to assess the advantages that across-RIS integration may
promote for addressing global challenges, and similarly, to what degree within-RIS integration is primed for addressing
region-oriented issues. Yet independent of the institutional configuration and the spatial scale, our work underscores the
value of regional integration in support of a modern corollary to Aristotle’s postulate regarding the premium attributable to
integration — which is to “specialize less, systematize more” [1].

Supporting information

S$1 Fig. Prominence in co-published research: Dynamics of local connectivity and global centrality.

Structural properties of the co-production matrix J;;; constructed at the annual time resolution using Jaccard similarity to
account for variable research production across i and t. (A) The clustering coefficient C; measures the degree of connec-
tivity among neighbors of university i. The table ranks universities according to the average annual growth rate over the
11-year period, as indicated by the color scale. UCSF featured the most prominent increase in C,(t) from 2010 to 2020,
and SMU featured the most prominent decrease over the same period. (B) The Page-rank centrality index PR; measures
the relative prominence of i based upon the prominence of its most strongly connected peers. Each time series PR;(f) is
scaled by the system size N = 28 to facilitate identifying those universities above or below the value expected of a uniform
distribution, such PR; = 1/N values, being that the Page-rank values are normalized within each period, >}, PR; = 1. As in
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panel (A), the color scale indicates the average annual growth rate of each time series over the sample period, estimated
using OLS regression.
(PDF)

S2 Fig. Intensity of within-MUS collaboration.

(A,B) The frequency distribution P,(N,) of the number of MUS campuses per article, N,, is well-fit by the Borel distribu-
tion — a discrete distribution parameterized by the scalar a: P(N,) = (N, !)~" exp[—aN,](aN,)N~", with distribution mean
1/(1 — a)= 1 + a for a < 1. We calculate each « value using the maximum likelihood estimator: ayc = 0.066 and ayr,,,, =
0.091. Sample averages are: NC =1.07 (UC); 1.10 (UT4,p); 1.02 (UTy,); 1.06 (UTy). The UC system shows excess fre-
quency for large N,, indicative of system-level integration modes. Contrariwise, the UT system shows a dearth of activity
for large N,, as there is relatively less collaboration within the academic campuses (UT,), and instead, much of the multi-
campus activity derives from UT, + UTy (health center) collaboration, indicating that collaboration within UT is likely
diminished according to the specialization of these centers. (C,D,E) Evolution of within-system collaboration since 2000,
calculated over 3-year non-overlapping periods. (C) The Borel distribution parameter « is nearly indistinguishable from
the frequency P(N; > 2) shown in (D). Trends indicate differing levels and direction of integration within each MUS. The
UC and UT subsystem show steady integration, whereas UT, and the UT,,4 system do not. (E) Evolution of extreme N,
values, calculated as the 99.5th percentile of N,, indicates that N, = 2 is a characteristic level for evaluating within-MUS
(multi-campus) integration.

(PDF)

S3 Fig. Descriptive statistics for the J; model analyzed in Table 1.

Upper-diagonal elements: bivariate histogram between row and column variables. Diagonal elements: histogram for vari-
able indicated by the row/column labels. Lower-diagonal elements: bivariate cross-correlation coefficient: light-shaded
squares indicate the Pearson’s correlation coefficient between two variables that are both continuous measures; dark-
shaded squares indicate the Cramer’s V associate between two variables that are both nominal (categorical).

(PDF)

S4 Fig. Assessment of OLS regression residuals and robustness of parameter estimates to outliers.

(A) Residual scatter plot. Fitted line (red) does not indicate any strong trend in the residuals as a function of the predicted
model estimate, supporting the linearity assumption and model specification. However, the presence of excessive residu-
als nevertheless is indicative of a localized sources of heteroskedasticity, likely arising from omitted variables that do not
capture idiosyncratic mechanisms associated with institutional co-production. One such variable are large-scale grants
funding high-energy physics experiments, which tend to produce many publications with many institutional affiliations,
which generates J; values in excess of what other predictors can capture. (B) The distribution of residuals features sub-
stantial deviation from the baseline Normal distribution, in particular in the extreme tail of positive residuals. (C) Extreme
residual values — those in excess of 1.5 times the inter-quartile range above (below) the upper (lower) quartile — corre-
sponding to roughly 8% of the sample (N= 497 out of the total 6364 observations). These extreme residuals tend to con-
centrated in the positive tail. (D) Further confirmation via the quantile-quantile plot that the deviation from the normality
assumption is constrained to the upper tail corresponding to roughly 8% of the total sample. In addition to these visual
tests, we also tested for multicollinearity by computing the Variance Inflation Factor (VIF) for each model variable, and

do not identify any problematic variables (i.e., the largest VIF value observed was 3.94 for the variable MUS;;, which is
well below the problematic heuristic value of 10; the average VIF value across all variables is 2.06). See S1 Table for the
robustness of our regression model results with respect to residual outliers.

(PDF)
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S1 Table. Regression model — Robustness check with respect to residual outliers.

Regression model parameters estimated with (first column — corresponding to column 7 of Table 1 in the main manuscript)
and without (second column) the 497 observations (8% of total sample) that are residual outliers. The majority of indi-
vidual coefficients are largely consistent in magnitude, sign and statistical significance level with the full model results,
indicating that the residual outliers are not substantially biasing the parameter estimates. The main consequential differ-
ences are the estimates for A;f_1 IMUS;; = 0/1, which feature a smaller difference when calculated without outliers; and
the Prem;; = 1 coefficient becomes statistically significant and increases in magnitude when estimated without the out-
liers. Neither of these two differences alter the interpretation of the results or overall takeaways based upon the regres-
sion model estimated for all observations. Overall, the robustness of the results to residual outliers is attributable to the
basic model specification, the inclusion of robust standard errors that account for heteroskedasticity, and a relatively large
sample size.

(DOCX)

$1 GIF. Dynamic visualization of co-production matrix J;;;.

This image sequence highlights the sensitivity of regional integration to the 2007-08 financial shock manifesting in re-
organization of J;;; extending into the early 2010s. Shown are J;;; matrices calculated at the 1-year resolution from 1970-
2020. For each year we identify university clusters using the Louvain modularity maximizing algorithm, indicated by the
gray-scale border segments along the upper border of the matrix. Clusters are sorted each year according to the total
number of publications by all member universities; and within each cluster, we sort each university according to its individ-
ual total research production in that year. Hence, the clusters featuring strong inter-connectivity initially start in the upper
left corner, and extend over time to the bottom right corner — this shift altogether represents the expansion of regional
and across-regional integration over the last half century. Yet in 2008, there is a drastic fragmentation of clusters that had
been consolidating over the prior decades, which do not re-emerge until 2013. We use a fixed color scale, whereby cyan
identifies the most prominent pairs with J; > 0.02 in any given period.

(GIF)
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