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Abstract

We explore the role of organizational factors in research collaboration networks among
European universities. The study of organizational drivers in shaping collaboration patterns
is crucial for policy design aimed at reducing research fragmentation and fostering knowl-
edge creation and diffusion. By using Exponential Random Graph Models (ERGMs) and
controlling for spatial factors, we investigate the role of two main mechanisms guiding the
partners’ selection process: organizational attributes and homophily. We investigate two
distinct scientific collaboration networks (i.e., projects and publications) and two research
domains (Physical Sciences and Engineering, and Life Sciences) over the 20112016 time
period. Our empirical evidence reveals that, among the main dimensions indicated by the
literature, research capability (measured by the dimension of doctoral programs) has the
clearest and most stable impact either on the tendency to establish collaboration ties or as
homophily effect. In terms of policy implications, it emerges that organizational similarity
in research capability matters and policy makers should consider doctoral programs as a
strategic variable to promote successful collaborations in scientific research.

Keywords European universities collaboration networks - Higher education -
Organizational determinants - Homophily
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Introduction

The aim of this work is to investigate the organizational determinants of Universities’
collaboration networks. By considering data covering the 2011-2016 period and European
universities, we focus on two main types of knowledge networks (EU-funded projects and
publications) and distinguish between two ERC research domains (i.e., Physical Sciences
and Engineering, and Life Sciences). We rely on the strand of social network literature that
investigates mechanisms leading to the establishment of collaboration ties (Rivera et al., 2010).
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The increasingly widespread availability of data on knowledge networks among Euro-
pean actors represents a key element to shed light on the knowledge generation process that
stems from research activities in the higher education sector. A large and growing body
of empirical research highlights that the understanding of network structures is critical to
explain processes of knowledge creation and diffusion (Reale & Zinilli, 2019; Scherngell,
2013; Wanzenboeck et al., 2014). Moreover, the study of collaboration patterns in science
has gained momentum, given its relevance to the assessment of scientific performance and
the design of research policies (Laudel, 2002).

The analysis of the connections among universities and their generation processes
allows us to understand the structure of cooperative behavior and unveil its evolution over
time (Katz & Martin, 1997). Previous research has devoted a great deal of attention to
the regional determinants of knowledge networks (Balland et al., 2019; Boschma & Fren-
ken, 2010, 2018; Wanzenboeck et al., 2014), as well as to some factors at the performer’s
level (Glidnzel & Schubert, 2004; Rake et al., 2021; Zinilli, 2016). On the contrary, there is
limited evidence regarding the role of organizational determinants. The few contributions
dealing with this issue investigate one type of network at a time and/or without distinguish-
ing among research domains (Enger, 2018; Lepori et al., 2015).

Our contribution departs from the literature on collaboration networks and adds to pre-
vious knowledge in several respects. First, by using Exponential Random Graph Models
(ERGMs) for count data, we investigate the impact of either organizational determinants
(node attributes) or homophily effects on the probability of creating ties. ERGMs are a
class of network models that describe the observed network by modeling a stochastic pro-
cess, in which the existence of a particular tie between nodes is shaped by the presence
or absence of other ties or exogenous attributes, addressing the limitations of traditional
regression methods that are based on independence assumptions (Wasserman and Faust,
1994).

A second major element of innovation derives from the matching of data from three
large databases (EUPRO, CWTS Publication Database, and RISIS-ETER) which results
in a uniquely large dataset at the European level that allows us to draw robust conclusions.

Third, we explore the configuration of two distinct university collaboration networks:
projects and publications. Organizational determinants, and their relative weights, might
differ considerably since the underlying incentive structure for collaborating in projects
and/or publications tends to be very heterogeneous.

Last, we distinguish between two key ERC research domains: Physical Sciences and
Engineering, and Life Sciences since collaboration practices can vary significantly among
scientific domains.

Our results clearly show two main findings. First, by harnessing an unparalleled volume
of data and implementing a novel and stronger empirical approach, we have found con-
sistent evidence indicating a positive impact of the three primary organizational attributes
identified in the existing literature on the creation of links. Second, among all the measures
of homophily considered, homophily in research capability always positively affects the
probability of tie formation (i.e., universities with similar dimension of research capability
tend to connect more with each other). The latter result is ground-breaking with respect to
the existing literature, shedding new light on the relevant role of organizational proximity.
Empirical evidence suggests that the research capability of universities, as measured by the
number of doctoral students, can be a strategic variable for policies whose design aims to
promote the generation and proliferation of scientific collaboration networks.

The remainder of this article is structured as follows: the “Conceptual framework and
literature” section reviews the literature; the “Data” section sets out the data, while the
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“Variables” section describes the model’s variables; the “Empirical strategy: ERGM for
count data” section presents the empirical strategy. Results are discussed in the “Results”
section; the “Conclusions” section provides final discussion and remarks.

Conceptual framework and literature

The study of the mechanisms guiding the establishment and evolution of knowledge net-
work ties is relevant from two main perspectives: (i) the public policy and (ii) the internal
organization and strategy of universities.

From the public policy standpoint, given the nature of knowledge as a public good, if
competitive markets are left to operate freely, its production level will be lower than the
social optimum. Thus, policy makers attempt to promote knowledge creation and diffusion,
as well as innovation and growth, through the higher education sector, encouraging collab-
orative research engagement both within the higher education sector itself and with private
firms (higher education institutions are the real hubs of networks in general, see Balland
et al., 2019). Furthermore, scientific collaboration networks tackle the problem of research
fragmentation by facilitating knowledge spillovers and cross-fertilization of ideas and by
producing over time a tendency to be open to less connected participants, endorsing inclu-
siveness and integration among countries (Balland et al., 2019; Makkonen & Mitze, 2016).
In this regard, the European Union (EU) has been promoting the European Research Area
(ERA) since 2000. The ultimate goal of the policy pursued by the EU within its framework
programs (FPs, H2020, and Horizon Europe) is to bolster the quality of research, knowl-
edge creation and diffusion, as well as innovation. International collaborations among
universities, research centers, and private companies have always been at the core of the
policy’s objectives to foster integration of programs and activities among Member States
towards a single, highly competitive European system of research (European Commission,
2002, 2004, 2006, 2013, 2020; European Parliament and Council, 2013).

From the Higher Education Institutions’ perspective, understanding the role of organi-
zational determinants in the establishment of network ties is of the utmost importance. The
literature largely documents that collaborative research (intramural, extramural, and inter-
national) profoundly affects productivity and scientific performance since it encourages
participation in projects and multiplies the chances of publication in international journals
(Abramo et al., 2009; Abramo et al., 2017; Barjak & Robinson, 2008; Landry et al., 1996;
Lee & Bozeman, 2005; Martin-Sempere et al., 2002; Van Raan, 1998). Thus, on the one
hand, research collaboration increases productivity and quality of publications (conse-
quently improving the reputation of universities); on the other hand, it boosts participa-
tion in competitive projects and external funding. Indeed, over the last few years, there has
been growing emphasis on promoting the autonomy of universities in seeking streams of
funds other than governmental, such as project funding for competitive scaling (Bozeman
et al., 2015; Reale & Zinilli, 2017), which has significantly driven up involvement in pro-
jects (Breschi et al., 2009; Enger, 2018). Overall, participating in networks, as well as the
rise of external funding from competitive projects, improves research quality and quantity.
Against this backdrop, universities need to design strategies to incentivize participation in
collaborative research and shape their organizations to support the establishment of new
ties in collaboration networks.

Empirical research on knowledge networks has focused on different aspects: (i) the charac-
teristics of individuals and research teams (Glidnzel & Schubert, 2004; Rake et al., 2021; Zinilli,
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2016); (i) the context in which researchers conduct their activities, investigating geographical
and regional dimensions (Autant-Bernard et al., 2007; Balland et al., 2019; Boschma & Fren-
ken, 2010, 2018; Hoekman et al., 2009; Scherngell, 2013; Scherngell & Barber, 2011; Wanzen-
boeck et al., 2014); (iii) the organizational drivers of collaborative behavior (Geuna, 1998; Nok-
kala et al., 2011; Lepori et al., 2015; Enger and Castellacci, 2016; Makkonen & Mitze, 2016;
Enger, 2018). Nevertheless, evidence on the role of the organizational factors at university level,
and particularly of organizational homophily, is still limited. In our research, we focus on sci-
entific collaborations network; thus, we exclude forms of relationships like indirect exchange of
knowledge that characterizes in general networks in science (Seeber et al., 2012).

In social networks, different mechanisms guide the establishment of network ties and
shape the direction of scientific fields: node attributes, preferential attachment rules, homo-
phily, and spatial effects (see Rivera et al., 2010 for an overview). Furthermore, different
behavior trends have been observed across scientific fields and countries (Abt, 2007; Glan-
zel & De Lange, 2002; Lariviere et al., 2006). Hence, each knowledge network and research
domain may have specific modes for the establishment and evolution of connections.

We hypothesize that organizational homophily (proximity) is the most relevant factor in
shaping network ties since it can favor trust, information flows, and reduction of transaction
costs irrespectively to scientific fields (Roebken, 2008). To test our hypothesis, we separately
consider two scientific collaboration networks (projects—as a proxy of the capability to suc-
ceed in competition for project funding, and publications—as a proxy of collaboration in
knowledge production) and two different ERC research domains (Physical Sciences and Engi-
neering, and Life Sciences), relying on an effective sample of 6285 projects (743 universities)
and 1,462,496 publications (964 universities) over the 2011-2016 time period. We excluded
Social Sciences and Humanities (SSH) since they are not comparable with hard sciences in
terms of research practices. It is not possible to disentangle a specific behavior for specific
fields since we analyze the network generation by wide disciplinary area (ERC domains).

Organizational (node) attributes

In this study, we focus on the factors identified by the literature as prominent in explain-
ing the probability of a university being part of a network. Following Lepori et al. (2015)
and Enger (2018), we focus our analysis on three organizational factors (i.e., characteris-
tics of the individual organization): size, reputation, and research capability. These factors
are considered resources and capabilities that universities strengthen over time via several
feedback processes (Enger, 2018). Continued feedback reinforces an organization’s posi-
tion within a network and can gradually produce cumulative advantage effects.

The literature indicates that larger universities tend to attract more research partners and
be more successful in applying for and receiving funding in collaborative projects. This is
because they hold more prominent positions both within specific fields and within existing net-
works (Balland et al., 2019; Enger, 2018; Geuna, 1998; Hakala et al., 2002; Henriques et al.,
2009; Lepori et al., 2015; Roebken, 2008). Similarly, the scientific reputation of a university
is a crucial attribute that fosters the creation of links and the centrality of actors (Enger, 2018;
Geuna, 1996; Geuna, 1998; Lepori et al., 2015; Mattsson et al., 2010; Roebken, 2008).

Scientific reputation indicates to peers that a high level of quality can be expected from col-
laborating with such a university, thereby attracting more partners as well as similar institu-
tions seeking to enhance the “quality” of their own networks (Enger, 2018). In addition, more
research-oriented universities are more likely to take part in collaborative research, meaning that
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those devoting larger shares of funding to research should be more heavily engaged in scientific
collaboration. The research capability is a measure of the effort to sustain the flow of new early-
stage researchers to fuel research activity. Thus, the size of doctoral programs is usually taken as
a proxy for the research capability/orientation of universities (Enger, 2018; Lepori et al., 2015).
According to Horta and Santos (2016), science is inherently collaborative and possesses a
social structure that incentivizes scientists to participate in collaborations (Van Rijnsoever &
Hessels, 2011). This emphasis on fostering collaboration and integrating knowledge networks
starts during the doctoral level. Publishing research during PhD studies holds importance for a
scientific career, offering advantages such as increased visibility of one’s work, scientific inde-
pendence, and opportunities for international collaboration (Jung et al., 2021). Therefore, doc-
toral students are considered a vehicle of increasing productivity and networking, largely via
their mobility—a normal practice in STEM fields, which has a strong effect on (i) academic
career (Baruffaldi et al., 2016; Liu et al., 2022); (ii) research productivity (Liu et al., 2022; Scel-
lato et al., 2015); and (iii) capability to commercialize results—academic entrepreneurship
(Uhlbach et al., 2022; Wang, 2020). Different national traditions affect the number of doctoral
positions of a university. However, the decisions about the number of doctoral positions to acti-
vate are mainly in the hands of the university strategy when the requirements of quality assur-
ance are fulfilled. In fact, doctoral students can sustain the effort linked to project funding and or
be useful to engage on new unexplored research topics. Thus, the number of doctoral students
enrolled is not equivalent to university size; it indicates the universities” opportunities for further
development of linkages and relationships with other universities and research organizations.

Homophily

In social contexts, it has been shown that homophily (i.e., similarity between actors with
respect to some attributes) influences the establishment of ties leading to increased connec-
tions (McPherson et al., 2001). Two distinct processes can typically favor the emergence
of homophily. The first is purely individual, as it depends on personal performance and
attitudes, while the second is guided by the context in which the scholar operates. Empiri-
cal research has mainly focused either on the performer or on the regional level of analysis.
A first strand of literature has investigated homophily at the performer’s level, highlight-
ing the bias towards collaboration with partners characterized by similar research quality
or reputation, generating cumulative advantage effects (e.g., Hancean & Perc, 2016; Rake
et al., 2021; Zinilli, 2016). Whereas, another large body of literature has dealt with the
regional determinants of knowledge networks, exploring the role of similarity in terms
of cognitive, social, and institutional proximity (among others, Boschma, 2005; Autant-
Bernard et al., 2007; Hoekman et al., 2009; Scherngell & Barber, 2011; Bergé, 2017). On
the contrary, the role of homophily at the organizational (university) level is highly under-
researched.! An early attempt to examine publications network in South African universi-
ties using standard social network methods can be found in Roebken (2008). We refer to
the concept of organizational proximity following the similarity logic described by Shaw

! In some related field, such as in university networks via weblinks, the literature explores some aspects
of homophily in links creation (see Seeber et al., 2012). However, our contribution investigates two rather
different dyadic relationships at organizational/university level: joint projects and joint publications. Differ-
ently from weblinks, joint projects and joint publications arise from the interaction between research groups
(or individual scholars), and we explore the organizational determinants behind the resulting research col-
laborations. Thus, our conceptual framework and literature review need to be centered on that strand of the
literature that investigates these two types of collaboration networks at organizational level.
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and Gilly (2000). Organizational proximity expresses the adherence of agents to a common
space of representation, patterns, and rules of thought and action.

Collaborative activities across institutions are likely to be initiated by individuals and
are more probable among similar partners. Nevertheless, homophily is also based on the
structure of the academic environment and organization. We argue that homophily in the
organizational attributes of universities is relevant to explaining engagement in collabora-
tive research, since organizational similarity facilitates interaction, information flows, and
trust (Roebken, 2008). The greater their organizational proximity, the easier the interac-
tions among organizations, even across large geographical distances (Boschma, 2005).
Therefore, universities are more likely to develop scientific collaboration when they share
similar organizational features with regard to the three main attributes described above
(i.e., size, reputation, and research capability).

Spatial and organizational controls

To enhance the robustness of our analysis, we make use of several controls. First, we con-
trol for spatial effects by including geographical proximity among universities, a measure
of local economic development of the region where the university is located and a set of
controls for universities sharing the same country, region, and language. Second, we con-
trol for other relevant organizational attributes: (i) the number of years since the univer-
sity’s foundation; (ii) a measure of ordinary financing; (iii) a measure of seniority of the
composition of the academic staff; (iv) a concentration index to count subject specializa-
tion of the university; (v) similarity in the degree of specialization; (vi) public/private/Gov-
ernment dependent university status; and (vii) stock of past projects/publications.

Data

The primary source of our data is the RISIS project, the European Research Infrastructure
for Science, Technology and Innovation Policy Studies.> A major element of innovation in
our work derives from the matching of three large databases (EUPRO, CWTS Publication
Database, and RISIS-ETER), which constitute a unique investigation tool for both projects
and publications networks, covering the years 2011-2016.

Overall, our sample includes 1,462,496 publications concerning 964 universities and
6285 projects granted to 743 universities in the considered period (among Higher Educa-
tion Institutions, we focus on universities. Precisely, in RISIS-ETER, we select institution
category standardized we select “University” (1) and “University of Applied Sciences” (2).
Furthermore, we select and Research Active Institutions = 1). The dataset comprises the
28 European Union Member States along with Norway and Switzerland. In the Appendix,
Table 3 reports full details on the number of universities, number of projects, and number
of publications by country.

2 https://www.risis2.eu.
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EUPRO and CWTS databases contain data on university interactions for joint pro-
jects (FP7 and Horizon 2020) and joint publications, respectively.> We classify projects
according to the ERC panels, assigning each project to one of the following two research
domains: Physical Sciences and Engineering (from now on, PE), and Life Sciences (from
now on, LS). Each project is assigned to a particular domain on the basis of project’s topic
identifier, keywords, and abstract content. In detail, each project has a topic identifier that
allows associating it to an ERC domain. When the project topic identifier is ambiguous
(no direct association), the project is associated to a domain based on the content of its
abstracts. A very limited number of projects (just over 2% of the total) are excluded from
the study since they are explicitly described as multidisciplinary, without any clear attribu-
tion to a research domain. We also exclude Marie Curie and European Research Council
projects, given their predominantly individual nature. The CWTS Publication database is a
full copy of the Web of Science (WoS) dedicated to bibliometric analyses.* Each document
is assigned to a specific ERC domain through the categories made available by the WoS.’
We considered journal article, excluding papers falling into the multidisciplinary category
according to the WoS classification (about 6% of the total).

Finally, RISIS-ETER is a database containing information at the university level, from
which we extract all the organizational measures (see “Main covariates and controls” sec-
tion for a detailed description of the explicative variables).

Variables

Both project and publication data have a two-mode nature in terms of university participa-
tion in joint projects and contribution to common publications. A two-mode network is a
particular type of network with two modes of nodes, which, in our case, are (i) university
and project for EUPRO data and (i) university and publication for CWTS data. To carry
out our analyses, we perform a projection to a one-mode network for both datasets. Links
are established between universities participating in the same project or contributing to the
same publication. In the one-mode network, the structure of a network with N nodes is
represented by a NXN matrix, and the element a; provides information on the existence
of links from university i to university j. The relationship between two universities can
assume values from 0 to any natural number, in such a way that a; €N, Self-loops (e.g.,
links connecting i to itself) are not considered. The EUPRO and CWTS databases allow
for the possibility that a university may be involved in several projects and publications in
the same year. Hence, in our case, both matrices are not in binary relation form, but rather
matrices whose edge weights are counts. Moreover, the matrices examined are indirect,
namely, there are symmetric connections. Based on their joint projects and publications,
we construct the networks among all the universities in our sample between 2011 and
2016. We only consider links between universities (excluding links to research organiza-
tions, associations, and firms).

3 More details on EUPRO data can be found at https://rcf risis2.eu/dataset/4/metadata.
4 More details on CWTS Publication data can be found at https://rcf.risis2.eu/dataset/3/metadata.
5 https://images.webofknowledge.com/images/help/WOS/hp_subject_category_terms_tasca.html.
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Dependent variable

The dependent variable in our study is the link between European universities. Each link
is a random variable that can assume values from zero to infinite. It assumes a value equal
to zero if university i does not have any collaborations with university j, while a nonzero
value is a count (i.e., the number of times a collaboration occurs between university i and
university j in a given year). Therefore, pairs of universities participating in the same Euro-
pean project or sharing the same publication have links of value 1, the count rises on the
basis of shared projects/publications. Figure 5 provides network descriptive analyses (e.g.,
degree, closeness, betweenness, cluster coefficient).

Main covariates and controls

As mentioned above, for what concerns the node attributes, we focus on those identified
by the literature as prominent: university size, reputation, and research capability (Lepori
et al., 2015). These three dimensions are operationalized by the following variables: (i)
size of academic staff, given by the number of full-time equivalent in thousands normal-
ized by total academic staff at country level and ERC domain; (ii) mean citation score,
quantified by the university’s mean normalized citation score (this variable is not avail-
able for the years 2015 and 2016):° (iii) number of doctoral students, which is a measure
of the research capability dimension given by the ratio of the number of enrolled students
at ISCED level 8 by ERC domain divided by the total number of academic staff by ERC
domain. In Table 1, we provide a complete description of the model’s variables. For these
three crucial organizational characteristics (size, reputation, and research capability), we
construct a measure of similarity (similarity in size of academic staff, similarity in mean
citation score, similarity in number of doctoral students) to test our homophily hypoth-
esis. Homophily is proxied by a similarity measure that is represented by the proximity
between two nodes in the values of a specific variable. It measures the closeness of the
values between two nodes. Consequently, a high degree of homophily is observed between
two nodes that exhibit similar values for a given feature.

We also add the following organizational controls: (i) university age (number of years
since the foundation); (ii) core funding, which is a measure of the basic government alloca-
tion; (iii) full professor share, which is the share of full professors over the entire academic
staff; (iv) specialization, which accounts for subject specialization of the university; (v)
similarity in specialization to account that within each ERC domain, more focused univer-
sity might engage more with each other; (vi) number of projects/publications given by the
lagged value of the ratio between projects or publications on total academic staff; (vii) sta-
tus (public versus private and public versus private Government dependent. Furthermore,
spatial effects are accounted for by including geographical proximity between universities,
the local level of economic development (regional GDP per capita), and dummy variables
for universities sharing same country and/or same region, and/or same language. These
control variables also allow to better isolate the effect of our main organizational charac-
teristics. For instance, depurating the effect of size and research capability dimensions by
the role of ordinary financing. While, the seniority of the academic staff and the number of
years since university’s foundation can clean the effect of our reputational variable. In fact,

® The mean citation score actually proxies both past research impact and reputation
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given the distributional characteristics of citations, higher levels of academic staft seniority
might influence the overall citational performance of universities.

A full description of variables and transformations are reported in Table 1. Whereas,
Table 4, 5, 6, and 7 in the Appendix provides the main descriptive statistics of the variables
after the normalization.

Empirical strategy: ERGM for count data

We analyze our data applying Exponential Random Graph Models (ERGMs) for count
data (Krivitsky, 2012; Handcock et al., 2016). ERGMs are a class of network models that
describe the observed network by modeling a stochastic process, in which the existence of
a particular tie between nodes is shaped by the presence or absence of other ties or exog-
enous attributes.

The basic idea of ERGMs is to define a probability distribution over all possi-
ble graphs (sample space) of a given number of nodes, where the probability of each
graph is proportional to some of its network statistics (endogenous and exogenous).
ERGMs allow investigating the impact of organizational attributes either on the
probability of creating links or on the likelihood of collaborations with universities
sharing similar characteristics (homophily). These models address the limitations of
traditional regression methodologies which are based on independence assumptions
(Wasserman and Faust, 1994). They regard an existing network as a realization (out-
come) of a stochastic process. Thus, this class of models tests the statistical signifi-
cance of mechanisms driving link formation and network structure in relation to what
might be excepted through random formation, conditioned on other effects within the
model (Kim et al., 2016). In an ERGM setup, the observed network is represented as
Y={Yij}, which indicates whether there is a link between nodes i and j (Yij=1) or not
(Yij=0). The estimation of parameters (thetas) does not occur analytically, but through
a Markov Chain Monte Carlo procedure, in order to search for reliable parameters by
simulating networks and updating thetas iteratively through a comparison procedure.
In other words, it is a process (one link at a time) that explores the impact of different
thetas and continuously updates until the theta values generate networks that are simi-
lar to the observed network. Once the model is identified, convergence condition and
absence of degeneracy problems are verified.’

While originally developed for the examination of binary data, ERGMs have
recently been the subject of different generalizations, among which the Stochastic
Actor-Oriented Model (SAOM) and ERGM for count data. Looking at the features of
nodes (universities) and taking into account that relationships are repeated within the
same year, we cannot apply a dynamic model like SAOM that analyzes the processes
underlying the changes and evolution of networks. SAOM might be affected by esti-
mation difficulties if there are not enough (or too many) tie changes between obser-
vations; moreover, weighted networks are not allowed (Ripley et al., 2011; Snijders
et al., 2010). For this reason, our analysis is conducted across 6 years (2011-2016)
to obtain a snapshot of each year considered (six separate ERGMs for count data).

" Degeneracy occurs when the estimation procedure generates networks that look nothing like the observed
network (sparse or dense networks).
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This extension of ERGM for count data is required for modeling networks in which
weighted links are counts (i.e., discrete values). For count data, it is necessary to
model the values of links rather than the presence of links, unlike in an ERGM for
binary data. Obviously, the sample space for count values is much wider than for
binary values, making the estimation process more complicated. This problem can
be solved by identifying a reference distribution (Krivitsky, 2012). ERGMs allow to
include covariates representing features like nodal attributes (exogenous), homophily,
and structural effects (endogenous). We might also use these factors in other tradi-
tional statistical models; however, the crucial difference is that in ERGMs, each of
these covariates is a function of the network itself (even though in our work, for com-
putational reasons, we do not include the endogenous). Each covariate is determined
by the frequency of a certain set of dyads that are seen in the network.

For binary links, a Bernoulli distribution is the standard; for count links, instead, the
reference distributions can be Poisson, geometric, binomial, and discrete uniform. We
use a Poisson reference for both projects and publications network, adding a zero-inflated
term. When we deal with count data, it is frequently the case that two nodes interact sev-
eral times. As a result, dyad-wise distributions are zero-inflated in comparison to Poisson
distributions. In our analysis, we modeled the Poisson distribution including a nonzero
term. We added the “sum” and “nonzero” terms to exogenous variables. The “sum” term
provides the likelihood of the existence of edges in the observed network in comparison
to a random network. The number of observed edges divided by n (n—1)/2 is the density
(where n is the number of nodes in the network). Since the majority of networks are
sparse, we included a zero-inflation term in the ERGM for count data.

Dyad states, as functions of the network, differently from exogenous measures must be
defined specifically for the network under study. This is another important reason to prefer
ERGMSs over conventional regression models. Furthermore, permutation and simulation
approaches, on which the ERGMs are based, reduce the uncertainty stemming from non-
randomized distributions (strong assumption of conventional models; Silk et al., 2017).

Results

In this section, we report the results of the estimated ERGMs. For each model, we calculate
the AIC and BIC values and perform a goodness-of-fit test. We simulate a sample of 1000
graphs for each observed network, and the results reveal that all the models have a good fit
(below the value of 0.1).

We use the same model specification to fit the formation of each studied network. Like in
logistic regressions, the values of the parameters can be interpreted in terms of (conditional)
log odds. We examine the model for each year individually and classify the estimated coef-
ficients into three main categories: (i) significant-positive, (ii) significant-negative, or (iii) non-
significant. If the variable’s coefficients are non-significant in half of the cases and consistently
significant with the same sign in the other half, we consider the effect as partially determined
(positive or negative). A variable is deemed important in explaining link formation when it
consistently demonstrates a significant coefficient (positive/partially positive or negative/par-
tially negative) in most cases. Thus, our analysis focuses on the overall pattern of the coef-
ficients throughout the entire timeframe. Table 2 summarizes our main findings on the impact
of organizational attributes and homophily on projects and publications networks.
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Fig. 1 Projects network—Physical Sciences and Engineering. Note: For valued ERGMs, the intercept term
is labeled “sum”. It is equal to the density and, as expected, it is negative, since the number of observed ties
is lower than the maximum possible number of ties. Mean citation score is not available for the years 2015
and 2016. When the variable is not significant, red circle is not shown

Given the computational complexity of the estimated model, we follow a stepwise
approach, including one variable at a time, which allows us to identify specific computa-
tional problems referring to specific variables. When a red circle is not shown in the esti-
mation box (Figs. 1, 2, 3, and 4), it means that the variable is not statistically different from
Zero.

Table 8 in the Appendix reports full estimation tables.

Characteristics of individual nodes
Examining the entire timeframe encompassed by both networks and across the two ERC

domains, it is evident that the size of the academic staff plays a crucial role (as depicted
in Figs. 1A, 2A, 3A, and 4A) in enhancing the likelihood of establishing collaborations.
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Fig.2 Projects network—Life Sciences. Note: For valued ERGMs, the intercept term is labeled “sum”. It
is equal to the density and, as expected, it is negative, since the number of observed ties is lower than the
maximum possible number of ties. Mean citation score is not available for the years 2015 and 2016. When
the variable is not significant, red circle is not shown

It is noteworthy that larger universities possess a greater abundance of resources, such
as research and administrative staff, enabling them to initiate multiple connections and
actively participate in successful projects and joint research publications. This advan-
tage stems from their ability to allocate more personnel to various collaborative endeav-
ors, thereby increasing their chances of securing funding and contributing to fruitful
partnerships.

University’s reputation (mean citation score), as already documented by the literature,
appears to be an important driver (Figs. 1B, 2B, 3B, and 4B). The mean citation score is
positive and significant, meaning that there is a positive reputational effect on a university’s
probability of developing ties (Geuna, 1996; Geuna, 1998; Lepori et al., 2015).
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Fig.3 Publications network—Physical Sciences and Engineering. Note: For valued ERGMs, the inter-
cept term is labeled “sum”. It is equal to the density and, as expected, it is negative, since the number of
observed ties is lower than the maximum possible number of ties. Mean citation score is not available for
the years 2015 and 2016. When the variable is not significant, red circle is not shown

Indeed, we can expect large and more prestigious universities be engaged in col-
laborations with a consolidated group of partners on major research programs that run
for many years and, at the same time, attract new partners. These findings are consist-
ent with the concept of preferential attachment mechanism in collaborations between
universities (Akbaritabar & Barbato, 2021). In this context, large and prestigious uni-
versities often have a well-established reputation and a strong network of existing col-
laborations. This reputation can attract potential partners who seek to collaborate with
renowned institutions to raise the visibility of their own research (see Resce, Zinilli
& Cerulli, 2022) or increase their chances of funding in projects (Zinilli, 2016).

The research capability (number of doctoral students) proves to be an important
determinant in helping the establishment of new collaboration links (Figs. 1C, 2C,
3C, and 4C). The promotion of collaboration and integration of knowledge networks
begins early in the academic journey, particularly at the doctoral level (Horta &
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Fig. 4 Publications network—Life Sciences. Note: For valued ERGMs, the intercept term is labeled “sum”.
It is equal to the density and, as expected, it is negative, since the number of observed ties is lower than the
maximum possible number of ties. Mean citation score is not available for the years 2015 and 2016. When
the variable is not significant, red circle is not shown

Santos, 2016; Jung et al., 2021; Van Rijnsoever & Hessels, 2011). It is during this
phase that an emphasis is placed on fostering collaborative efforts among researchers.
Engaging in publishing during PhD studies not only contributes to the advancement
of knowledge but also plays a pivotal role in fostering international collaboration;
thus, doctoral students appear to be a vehicle for connections among universities,
also because they are channels of knowledge transfer. Although this result is theo-
retically expected in publications network, it is completely novel when we consider
joint projects. In fact, young doctoral students are very likely to co-author and cre-
ate co-authorship networks, whereas their role in enlarging the range and intensity
of project collaborations is less obvious. In summary, the research capability serves
as a vital catalyst in fostering the formation of new connections across both types of
networks and research domains. It plays a crucial role in facilitating the establishment
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of collaborations and partnerships, contributing to the growth and development of
knowledge and innovation.

Homophily

Relying on the similarity variables constructed within the ERGM models (see section
“Main covariates and controls” for details), we investigate whether universities that
are similar in terms of some relevant organizational characteristics are more likely to
create new research links in projects and publications network. Controlling for spatial
proximity, we test the role of organizational proximity for the three main attributes
investigated in the generation of collaboration links among universities. Estimated
coefficients attached to similarity measures show if universities that are similar with
respect to a certain variable are more inclined to be connected between them (positive
coefficient).

As far as similarity in size of academic staff is concerned, we observe a positive effect
on the PE publications network (Fig. 3D) and a partially determined negative effect in
LS (Fig. 4D). Whereas in projects networks (Figs. 1D and 2D) it is non-significant in the
majority of cases, thus, we cannot argue in favor of the assumption that similarly sized uni-
versities tend to collaborate more with one another.

Similarity in mean citation score shows a clear ability to affect the probability of
establishing new links in projects network with partners having similar reputation
(Figs. 1E, 2E, 3E, and 4E). Overall, this is consistent with the idea that universities
seek to sustain the quality of their own networks and tend to participate in projects
with similar institutions in terms of reputation (Enger, 2018). We can interpret this
result as evidence of closed networks where the probability of collaboration depends
on membership in groups of universities with a certain level of reputation. In con-
trast, the impact of similarity in in mean citation score on the publications network is
less straightforward, particularly in the field of Life Sciences, as indicated by Fig. 4E
(where it shows a negative influence). Surprisingly, a similar reputation does not
seem to influence the ability of universities to establish connections. This finding
suggests the presence of more open networks, where the likelihood of collaboration is
not contingent upon membership in specific groups of universities with a certain level
of reputation. This result underscores the notion that factors other than reputation
play a significant role in shaping collaborative ties within the publications network. It
suggests that researchers in Life Sciences may prioritize factors such as complemen-
tary expertise, access to resources, or shared research interests over the reputation of
their collaborating partners.

On the contrary, similarity in number of doctoral students (Figs. 1F, 2F, 3F, and 4F)
plays a stable positive role (positive or partially determined positive), i.e., universities with
similar dimension in terms of the number of doctoral students enrolled (similar research
capability) tend to collaborate more with each other. This implies that dimensional similar-
ity of research capability is a critical element to explain the establishment of network ties.
Thus, larger dimensions of research capability increase the probability of creating new col-
laboration ties and the probability to get connected to partners that are similar with respect
to this organizational characteristic.
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Overall, we find clear evidence supporting the hypothesis that homophily in research
capability and reputation play an important role in shaping collaboration patterns in joint
projects and publications, while similarity in size of academic staff does not appear to be an
important determinant.

Controls

The results of the controls can be summarized as follows:

Overall, university age affects positively the probability of creating new ties (Figs. 1G,
2G, 3G, and 4G) with the exception of projects and publications network in PE.

Higher levels of core funding support link creation in the projects network, while the
opposite holds true for the publications network (Figs. 1H, 2H, 3H, and 4H).

Full professor share in projects network we detect a negative pattern except for projects
in LS (non-significant) (Figs. 11, 21, 31, and 41).

Number of projectsinumber of publications is not significant except for publications net-
work in LS (Figs. 17, 2], 3], and 4]).

The role of specialization is much less clear and varies significantly among type of net-
works (Figs. 1K, 2K, 3K, and 4K), while the similarity in specialization seems to prevail a
negative sign (Figs. 1L, 2L, 3L, and 4L).

The university status shows a distinct higher probability for private government-
dependent universities to create ties in projects network with respect to public universities
(Figs. 1M, N; 2M, N; 3M, N; and 4M, N). This opposite holds for publications network.

Finally, we control for spatial and economic factors. In line with previous literature,
geographical proximity (Figs. 10, 20, 30, and 40) always shows a statistically significant
positive effect on the probability of new collaborations. The results for same country, same
region, and same language are mixed with a predominance of non-significance. Except
for publications network in LS (Fig. 4P-R), regional GDP per capita confirms its positive
effect in shaping collaboration network (Figs. 1S, 2S, and 3S).

Conclusions

This study investigates the drivers guiding the network generation process in EU-funded
projects and publications among European universities. Over the 2011-2016 time span, we
can rely on an unprecedented large sample of publications (1,462,496) and projects (6285)
related to respectively 964 and 743 European universities.

Applying ERGMs and distinguishing ERC research areas, we focus on two types of
drivers: organizational factors and homophily. We hypothesize that organizational similar-
ity is relevant, and we test this hypothesis with respect to the three main organizational
factors identified by the literature and included in our model: size, reputation, and research
capability. According to the literature, all the organizational factors considered produce a
clearer positive effect in creating collaboration links in both networks and ERC domains;
however, evidence on homophily is more mixed.
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Our findings provide novel evidence of a relevant and consistent role over years of
homophily in research capability. Thus, while the role of geographical proximity in shap-
ing collaboration networks is unrelated to the types of network and research domains, the
impact of organizational proximity (similarity) can be heterogeneous over the two types of
networks and research domains.

This evidence sheds light on the importance of research capability enacted by doctoral
students as one of the key organizational characteristics either as a single factor or in terms
of homophily, thus, confirming their relevance as a mean to strengthen collaborations and
enlarge scientific networks in STEM fields.

In this respect, we can highlight two main contributions of our paper to the field
of higher education studies. First, the literature (Lewis et al., 2012) pointed out that
the meaning of collaboration is generally related to researchers working together on a
project and publishing together: “collaboration is a concrete form of networking that
is readily observable to research funding and performance systems.” However, Lewis
et al. (2012) suggest that this instrumental meaning of individual ties is different from
the collaboration involving discussions “of research and ideas, feedback and commen-
tary on research work and draft papers” (Lewis et al., 2012, 701), which is intrinsic
to the academic work especially in STEM fields. Public policies and incentives gen-
erally impact on the former type of collaborations, producing different effects in the
scientific fields that might in some cases be counterproductive for research; in this
respect, our results suggest that incentivizing networking through the involvement of
doctoral students can be a mean to maintaining both the form of collaboration in aca-
demic research.

Second, the many and different contributions that doctoral students bring to academic
research have been largely demonstrated (Thune, 2009). Our results add the evidence that
doctoral students are also determinant in the formation of research ties, which empower the
research capability of the universities.

Our findings have also some policy implications. As to the universities’ internal organi-
zation and strategy, doctoral students are an important determinant of collaboration ties
also in projects network. Furthermore, given the detected homophily effect in research
capability, smaller universities aiming to connect to networks populated by universities
endowed of larger research capabilities should undergo a plan of expansion of their doc-
toral programs.

From policy makers and European Union standpoint, two main issues emerge. First,
given the strong role played by homophily in research capability, to the end of pursu-
ing inclusiveness, research integration, and promotion of a European common market of
research, the policy design should incentivize collaboration among more heterogeneous
universities by stimulating (i) the inclusion into EU projects of partner universities char-
acterized by smaller size and research capability and (ii) the presence of doctoral students
into EU projects’ applications since it would have the twofold effect of either increasing
the probability to connect universities to collaboration networks or pushing universities to
enlarge their doctoral programs.
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Fig.5 Network statistics. Note: PE stands for Physical Science and Engineering; LS stands for Life Sciences
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