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Abstract Entrepreneurial ecosystems are wealthy
environments in which entrepreneurs, firms, and
governments can operate frictionless, contributing to
innovation and economic growth. The investigation
of the structure of such systems is an open issue. We
provide insights on this aspect through the formula-
tion of seven network-based principles associating
specific network metrics to distinct structural features
of entrepreneurial ecosystems. In this way, we aim to
support the measurement of the structural character-
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istics of an entrepreneurial ecosystem and the design
of policy interventions in case of unmet properties.
The proposed methodology is applied to an origi-
nal network built on the relationships occurring on
Twitter among 612 noteworthy start-ups from seven
different European countries. This is a novel way to
conceptualize entrepreneurial ecosystems considering
online interactions. Thus, this work represents a first
attempt to analyze the structure of entrepreneurial
ecosystems considering their network architecture to
guide policy-making decisions. Our results suggest a
partial ecosystem-like nature of the analyzed network,
providing evidence about possible policy recommen-
dations.

Plain English Summary Entrepreneurial ecosystems
can be considered complex systems characterized
by many actors frequently interacting among them
in a non-linear way. We propose a network-based
approach to analyze such interactions, and to mea-
sure the structural characteristics of an entrepreneurial
ecosystem. Specifically, we provide seven network-
based principles that may help policy-makers monitor
the structure of a given entrepreneurial ecosystem and
design policy interventions to fulfill eventual missing
properties. In this way, we fill a relevant gap in the
literature that is the investigation of the structure of
entrepreneurial ecosystems. We apply the methodol-
ogy to an online network of European start-ups, show-
ing the usefulness and flexibility of our approach, as
well as the main implications of the obtained results.
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1 Introduction

The concept of ecosystem is an integral part of the
entrepreneurial world. It was borrowed from the field
of ecology during the late 1980s (Van de Ven, 1986),
where ecosystems are characterized by strongly inter-
connected groups of organisms that interact with each
other and with the physical environment where they
live, in order to maintain the dynamic equilibrium of
the system (Jackson, 2011). The ecosystem metaphor
marked a substantial shift in entrepreneurship stud-
ies, away from an individualistic perspective toward
a deeper attention to collectivity and community, thus
including social, cultural, and economic forces in the
entrepreneurship process (Stam & Van de Ven, 2021).
However, despite many years passed since its first
introduction, the concept of entrepreneurial ecosystem
gained momentum only recently (Stam, 2015), espe-
cially in the fields of management and innovation, as
the growing number of papers published after 2010
proves (Tsujimoto et al., 2018). One of the possible
reasons behind such a growing popularity may be that
the ecosystem metaphor is one of the most apt for
representing the many facets of active entrepreneurial
environments.

The identification and the measurement of
entrepreneurial ecosystems is crucial in the innova-
tion field since actors, structures, and relations that
characterize ecosystems lead to digital innovation
and vice versa (Hinings et al., 2018; Granstrand &
Holgersson, 2020). Nevertheless, the investigation of
the structure of entrepreneurial ecosystems is an open
issue in the current literature, as highlighted by Wurth
et al. (2022) in their proposal for an “Entrepreneurial
Ecosystem Research Program.” Our paper aims to
shed light on this aspect, considering the architecture
of a system a key factor for the diffusion of innovation
as well as a key determinant for its global performance
(Ferraro and Iovanella, 2016; Muller & Peres, 2019).

In more detail, we propose to contribute to the liter-
ature by adopting an innovative approach to the mea-
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surement of entrepreneurial ecosystems with respect
to other methods, such as the European Index of
Digital Entrepreneurship Systems (EIDES) family of
indicators (Autio et al., 2020). According to Roundy
et al. (2018) and Leendertse et al. (2021) indeed,
entrepreneurial ecosystems can be analyzed using
complexity theory to understand better their internal
dynamics and the interactions among their mem-
bers. In this way, we aim at answering two different
research questions. Firstly, “what are the elements
highlighted in the literature that can be identified as
structural features of an entrepreneurial ecosystem?”
Secondly, looking at these elements under a complex
systems perspective, “is it possible to quantify such
elements by means of network metrics?” Indeed, the
most common way to represent complex systems is
through the use of networks (Thurner et al., 2018).
Moreover, according to Seppd and Tanev (2011), the
presence of a network structure is a necessary condi-
tion for the existence of an ecosystem. Then, networks
constitute valid, apt, and available models to represent
entrepreneurial ecosystems.

We address the aforementioned research questions
by formulating seven principles, each of them refer-
ring to a structural feature of entrepreneurial ecosys-
tems that can be expressed by means of a consolidated
metric from network science theory. Therefore, the
first contribution of this study is the proposal of seven
network-based metrics that aim to be a support to
the measurement of the structural characteristics of an
entrepreneurial ecosystem. In doing so, we propose
to provide a set of indicators that may help several
actors—such as practitioners and policy-makers—
monitor the structure of an entrepreneurial ecosystem
and design policy interventions aimed at fulfilling
eventual missing properties.

Secondly, another key contribution of this paper is
represented by measuring entrepreneurial ecosystems
via social media data. Considering online connections
to map entrepreneurial ecosystems is innovative to
this field. According to the literature, entrepreneurial
ecosystems are locally defined, and their actors inter-
act mainly through social, financial, technological,
and economic flows (Spigel, 2017; Stam & Van de
Ven, 2021). Under this perspective, proximity emerges
as a critical factor and enabler of entrepreneurial
ecosystems (Isenberg, 2011). In this vein, analyzing
ecosystems through online relationships contribute to
extending the concept of proximity beyond regional
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and national borders, allowing the conceptualization
of entrepreneurial ecosystems at the continental level.
In fact, we report a case study of a Twitter network
constituted by some among the most popular and
promising start-ups belonging to seven different coun-
tries: Austria, France, Germany, Italy, Spain, Switzer-
land, and the UK. Their names are collected from
accredited sources which provide every year a list
of the most noteworthy start-ups in the international
context.

Being start-ups the embodiment of entrepreneur-
ship and innovation (Feldman, 2001; Isenberg, 2016),
a start-up network seems a well-suited candidate
for testing the characteristics of an entrepreneurial
ecosystem. In fact, according to the widely used def-
inition of Blank (2010), “a start-up is an organization
formed to search for a repeatable and scalable busi-
ness model.” Furthermore, the definition of a start-up
ecosystem as “a society of founders with ideas and
skills, young companies at early stages with talent,
incubators with mentors and capital, early adopters,
and media” (Aleisa, 2013) is definitely included in
the wider concept of entrepreneurial ecosystem. Then,
for all the actors of a start-up network, it is important
to understand how the structure of this system affects
their own activities (Spender et al., 2017).

The network that we take into account is built on
an original dataset obtained by mining relationships
among 612 start-ups on Twitter, a social networking
platform frequently used for testing professional links
across start-ups (Gloor et al., 2013; Perotti and Yu,
2015; Yue et al., 2019; Tumasjan et al., 2021). In the
choice of Twitter as a proxy to build the network, we
also rely on the study of Tajudeen et al. (2018), which
sustains that well-performing innovative organizations
show a high social media usage, and on the paper
of Olanrewaju et al. (2020) that provides a compre-
hensive review on the importance of social media for
entrepreneurship.

The paper is organized as follows. An overview of
the state of the art on entrepreneurial ecosystems is
reported in Section 2. Section 3 describes the approach
of this study, which has its foundations in Social
Network Analysis and complexity theory, before for-
mulating the network-based principles characterizing
the structure of entrepreneurial ecosystems. Section 4
introduces the case study, including the processes of
data collection and network construction. The results
obtained by the measurement of the network-based

principles are reported in Section 5. Finally, Section 6
points out the main theoretical and practical contri-
butions of this study, as well as the acknowledged
possible limitations and further developments.

2 The concept of entrepreneurial ecosystem

The concept of entrepreneurial ecosystem is strongly
debated in the scientific literature. However, a unique
definition of entrepreneurial ecosystem does not exist,
since each contribution introduces different con-
cepts, and focuses on specific aspects. Most of the
studies dealing with this topic adopt a qualitative
approach, hence analyzing ecosystems in a descrip-
tive way aimed at pointing out the founding elements
and policies that encourage the establishment of an
entrepreneurial ecosystem. What mostly emerges is
that entrepreneurial ecosystems include a combina-
tion of social, institutional, financial, and cultural
components (Van de Ven, 1993; Spigel, 2017).

Emphasis is given to the interactions among the
members of the ecosystem, which should result into
high network density, many connecting events, col-
laboration between large companies and local start-
ups, together with an easy access to all kinds of
relevant resources, and an enabling role of govern-
ment in the background (Feld, 2012). Nevertheless,
without some degrees of cohesion and shared values
among the agents of an entrepreneurial ecosystem,
they will operate autonomously, without commonal-
ity in their activities, and differently with respect to
a system of interrelated actors (Roundy, 2017). Addi-
tionally, an entrepreneurial-market logic is essential,
encapsulating a related set of goals and behaviors
focused on innovation, the creation of new markets,
new business models and technologies, and tolerance
for uncertainty and failure (Cunningham et al., 2002).
Spigel (2022) integrates previous contributions, find-
ing that entrepreneurial ecosystems are nested rather
than cohesive.

One of the main aspects that emerges in many
works is the fundamental role that governments, and
more specifically the policies they adopt, have for
the correct establishment of an entrepreneurial ecosys-
tem. Governments’ policies shape the institutional
environment in which entrepreneurial decisions are
made, by leveraging the presence of local research
centers, increasing the availability of venture capi-
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tal, encouraging a culture of risk taking, and creating
strong local informational and business development
networks (Feldman, 2001; Minniti, 2008). However,
policy initiatives to promote the growth of innova-
tive companies depend on the specific stage of firms
development (Audretsch et al., 2020).

Several authors describe entrepreneurial ecosys-
tems as complex systems, thus borrowing concepts
from complexity theory. Isenberg (2016) affirms that
the ecosystem metaphor implies the existence of
a largely self-organizing, self-sustaining, and self-
regulating system, and this aspect needs to be con-
sidered in the development of pro competition poli-
cies. The theme of self-organization is also treated
by Stanley and Briscoe (2010) and Tan et al. (2020),
whose studies depict ecosystems as robust, scal-
able architectures that can automatically solve com-
plex and dynamic problems, possessing several prop-
erties, including self-organization, self-management,
sustainability, and scalability. Self-organization is a
term typically used in literature to describe a process
in which small units assemble into larger structures
without external intervention (Burnes, 2005); this pro-
cess often combines with a co-evolutionary perspec-
tive that is frequently adopted in studies of com-
plex adaptive systems and economy (Moore, 2006).
According to Han et al. (2019), self-organization and
co-evolution are just two of the interrelated complex
properties that an entrepreneurial ecosystem exhibits,
as well as non-linear interactions, (in)sensitivity to ini-
tial conditions, adaptation to the environment, and the
emergence of successful actors.

The identification of entrepreneurial ecosystems
is also crucial in the innovation field. Indeed, digi-
tal innovation and the emergence of ecosystems are
strictly related. Specifically, the set of actors, struc-
tures, and activities, as well as the institutions and
relations that characterize ecosystems, could lead to
digital innovation and vice versa (i.e., the combined
effects of digital innovation could bring to the emer-
gence of new organizational forms and institutional
building blocks) (Hinings et al., 2018; Granstrand and
Holgersson, 2020).

Another concept strongly debated in literature con-
cerns the social attributes of entrepreneurial ecosys-
tems. Networks of entrepreneurs are characterized
by a strong information flow, enabling an effec-
tive distribution of knowledge, labor, and capital
(Malecki, 2018a). Greve and Salaff (2003) recognize
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that entrepreneurs use their social capital to access
resources in establishing a firm. Other authors, such
as Hoang and Antoncic (2003) and Motoyama and
Knowlton (2017), adopt a social network perspective
to the study of entrepreneurial ecosystems, analyz-
ing the interconnections between entrepreneurs and
entrepreneurship support organizations.

The network structure of entrepreneurial ecosys-
tems makes intermediary organizations a key resource
to spread information and knowledge within the net-
work, and to facilitate the access to the venture
capital market by entrepreneurs. Business accelera-
tors and universities play a critical role in emerg-
ing entrepreneurial ecosystems. In particular, business
accelerators forge a broader network of relationships
with actors outside of the system, which in turn
increase the capacity of the system itself and embed
it within a global innovation system (Pustovrh et al.,
2020). On the other hand, universities play a strategic
role as drivers of regional economic growth by estab-
lishing and supporting university spin-off companies
(Fuster et al., 2019), and acting as local and regional
economic engines with the potential to generate new
and disruptive technologies (Chan & Farrington,
2018).

Recent studies introduce the concept of dynamism
in the entrepreneurial ecosystem approach. Mack and
Mayer (2016) design a framework providing useful
benchmarks to determine the stage of development
of an entrepreneurial ecosystem, according to which
at each stage different elements are more important
than others. Malecki (2018b) sustains that ecosys-
tems’ evolution is related to the degree to which
mentors and business angels are able to support new
entrepreneurs, while Colombelli et al. (2019) focus on
the governance configurations that affect the evolution
of entrepreneurial ecosystems.

Finally, further aspects are explored by Ives and
Carpenter (2007), whose work highlights the inter-
dependence between stability and diversity within
ecosystems, and by Jacobides et al. (2018) that intro-
duce an important but neglected characteristic of
ecosystems, which is the presence of modularity as a
condition that allows at least some degrees of explicit
coordination, thus creating the opportunity for an
ecosystem to emerge.

Alongside qualitative approaches, other authors
analyze the concept of entrepreneurial ecosystem in
a more principled way. Isenberg (2011) develops
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one of the first frameworks attempting to summarize
the main elements of an entrepreneurial ecosystem.
His model distinguishes six domains: finance, policy,
culture, markets, human capital, and supports. Feld
(2012) emphasizes the interaction between the play-
ers in the ecosystem and the access to all kinds of
relevant resources, with an enabling role of the gov-
ernment at the background. In particular, his study
shows a list of nine attributes that a successful commu-
nity of start-ups should have to be an entrepreneurial
ecosystem. Such attributes are as follows: leadership,
intermediaries, network density, government, talent,
support services, engagement, companies, and capi-
tal. Foster et al. (2013) determine which pillars of an
entrepreneurial ecosystem are the most important for
the growth and success of companies. The proposed
pillars are as follows: accessible markets, human cap-
ital, funding and finance, support systems, regulatory
framework and infrastructure, education and train-
ing, universities, and cultural support. Stangler and
Bell-Masterson (2015) propose four indicators to mea-
sure an entrepreneurial ecosystem, which are density,
fluidity, connectivity, and diversity. Stam (2015) iden-
tifies the framework and systemic conditions of the
ecosystem that lead to entrepreneurial activities and
to new value creation. The framework is extended
in Stam and Van de Ven (2021) that introduce an
integrative model of entrepreneurial ecosystems con-
sisting of ten elements: formal institutions, culture,
network, physical infrastructure, finance, leadership,
talent, knowledge, intermediary services, and demand.
Roundy (2017) combines entrepreneurship and man-
agement research to argue that entrepreneurial ecosys-
tems are influenced by two dominant institu-
tional rules: entrepreneurial market logic and com-
munity logic. The author also argues that hybrid
support organizations—such as incubators, accelera-
tors, and small business development centers—play a
unique role in entrepreneurial ecosystems by exposing
participants to the two guiding rules and promot-
ing the presence of a greater diversity of venture

types.
3 Network-based principles
According to Wurth et al. (2022), there are four main

research streams that still need to be investigated in
the entrepreneurial ecosystem literature, i.e., context,

structure, microfoundations, and complex systems.
The authors also include four cross-sectional themes
in their proposal for an “Entrepreneurial Ecosystem
Research Program,” which are methodologies and
measurements, theory, critical research, and transdis-
ciplinary research. In this work, our aim is to quan-
tify structural elements of entrepreneurial ecosystems
emerging from the literature by means of metrics
from network analysis (Wasserman and Faust, 1994;
Humphries & Gurney, 2008; Barabasi, 2016; New-
man, 2018). Thus, based on the research framework
proposed by Wurth et al. (2022), we focus on the
cross between structure and methodoligies and mea-
surement.

First of all, being our approach innovative to the
field, we need to introduce some theoretical prereq-
uisites. Specifically, we combine elements from com-
plexity theory and Social Network Analysis (SNA) to
derive the network-based principles that characterize
the structure of entrepreneurial ecosystems.

Complexity theory regards the identification and
analysis over time of complex systems, including
ecosystems, in which the constituent elements give
rise to the collective behaviors of the system (Funtow-
icz and Ravetz, 1994; Thurner et al., 2018). Such com-
plex systems can be described through their structural
characteristics (e.g., organizations member features,
behaviors, and interaction dynamics) and modeled as
networks of interacting entities (Barabasi, 2016; New-
man, 2018; Russell & Smorodinskaya, 2018). In com-
plex systems, interactions are usually non-uniform and
heterogeneous but interactions between elements can
be specific (Thurner et al., 2018).

Networks are the preferred tool for mapping such
interactions and through different methods attributed
to several disciplines, such as mathematics, statistics,
physics, and computer science (Borner et al., 2007),
permit to understand structures, roles and dynamics
of complex systems. From this perspective, a network
can be considered as an abstraction of observable real-
ity able to explain the performance of real systems
since it correlates form with functions, and structure
with behaviors (Lewis, 2009; Cerqueti et al., 2018).
Hence, network analysis can be useful to describe and
analyze the structure and behaviors of several complex
systems found in the real world, and to systemati-
cally explore performance drivers exploiting concepts
such as emergence, adaptability, self-organization,
resilience, and flexibility. In this respect, the rapidly
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increasing mass of data that has become available
in many different domains contributes to making the
empirical investigation of such complex systems more
and more suitable at affordable efforts (Hassanien
et al., 2015).

Among the different methods in network analysis,
one of the most used tools is SNA. It is an instrument
to conceptualize and investigate connections among
social entities. In general terms, SNA can be consid-
ered as an archetype that abstracts social life in terms
of connection structures among entities (Hu et al.,
2015) and measures of centrality (Scott & Carrington,
2011). The use of network analysis to investigate the
relationships within an entrepreneurial ecosystem is
an innovative field of research (Cavallo et al., 2019).
Some recent applications can be found in the literature
on entrepreneurial and innovation ecosystems (e.g.,
Panetti et al., 2020; Cavallo et al., 2021).

In the end, our process leads to the definition
of seven network-based principles characterizing the
structure of entrepreneurial ecosystems, which are
introduced and described as follows. In more detail,
we identify seven distinct elements in the litera-
ture corresponding to structural characteristics of
entrepreneurial ecosystems. Each element is associ-
ated to a network metric based on the meaning of
that metric and its subsequent interpretation in an eco-
nomic environment. These principles are also resumed
in Table 1, together with the associated network met-
ric and a brief explanation of the latter one; we
also report the major contributions on entrepreneurial
ecosystems that highlight the relevance of the related
element.

Each network-based principle needs to be inter-
preted according to a baseline scenario in order to
understand if the values we observe are either exceed-
ing or underperforming benchmark values. In net-
work theory, the baseline scenario is usually repre-
sented by a set of Erdos Rényi (ER) random graphs.
In graph theory indeed, the ER random graph is
one of the most commonly used reference models.
According to this model, a random network hav-
ing N nodes is created, and then M edges are
generated by pairing among nodes randomly and
uniformly (Erdés & Rényi, 1960). Comparing the
obtained results to this benchmark model allows to
identify underlying mechanisms in the observed sys-
tem that depart from the scenario expected by chance
(Peel et al., 2017).
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3.1 Connectivity

Connectivity is an important element for an
entrepreneurial ecosystem since the involvement of
all the actors is a key factor for a virtuous environ-
ment. Connectivity affects the possibility to interact
between all the members of a system.

We associate connectivity to small-world-ness
index. This parameter is based on the trade off
between a high global clustering coefficient and a
short average path length (Humphries & Gurney,
2008). Specifically, it is defined as follows:

14

S = n (1)
where y is the standardized clustering coefficient, and
A is the standardized average shortest path. Standard-
ization is made by comparing the respective values
in the analyzed network with the mean of the corre-
sponding measures over a set of ER random graphs.
The clustering coefficient corresponds to the probabil-
ity that the adjacent nodes of a node are connected,
thus capturing the degree to which the neighbors of
every node in the network link to each other. The aver-
age shortest path is instead the mean of all the shortest
paths—which is the path with the fewest number of
links—between any couple of nodes. The notion of
“small-world” relies on the idea of “six degrees of sep-
aration,” a popular concept stemming from the exper-
iment conducted by the psychologist Stanley Milgram
in the 1960s, according to which the social distance
between any two individuals is definitely short (Mil-
gram, 1967). Specifically, a network is considered to
display a small-world structure if § > 1.

Networks characterized by small-world structure
show the presence of hubs connecting a large number
of small degree nodes, thus creating short distances
between them. For this reason, this metric is appropri-
ate to quantify how well a system is connected con-
sidering both cohesiveness and mean distance among
nodes.

3.2 Density

Density is required as entrepreneurial ecosystems
necessitate a high number of interactions among their
members to facilitate the establishment of reliable
relationships and a frequent knowledge exchange.
Density determines the frequency of the interactions
between the members of a system.
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Table 1 Network-based principles of entrepreneurial ecosystems

Principle References

Metric

Definition

Connectivity Feld (2012); Stangler and Bell-Masterson
(2015); Malecki (2018a); Stam and Van

de Ven (2021).

Density Feld (2012), Stangler and Bell-
Masterson (2015).

Stability Ives and Carpenter (2007); Stanley
and Briscoe (2010); Tan et al. (2020).

Leadership Feld (2012); Stam (2015); Miles
and Morrison (2020); Stam and
Van de Ven (2021).

Diversity Ives and Carpenter (2007); Stangler

and Bell-Masterson (2015); Roundy
(2017).

Intermediaries Feld (2012); Roundy (2017); Fuster
et al. (2019); Pustovrh et al. (2020);

Stam and Van de Ven (2021).

Heimann and Reichstein (2008),
Stam (2015).

Feedback loops

Small-world-ness
index

Relies on the global clustering coefficient
of the network and on its average shortest

Mean degree

Page rank cen-
tralization

Assortativity

Betweenness
centralization

Reciprocity
coefficient

path length and reveals if the network is
characterized by a small-world structure.

Average number of connections of a node
in the network. It considers both in- and

out-degree.
Network The network level of tolerance against
robustness failures tested by progressively removing

random nodes.

Network level of centralization based on
page rank. According to page rank, a node
is important if it is linked with other
important and parsimonious nodes, or if it
is highly connected. Page rank takes into
consideration direction and weight of a
link.

Determines the tendency to connect
between similar nodes based on their
degree and attributes. This coeffi-
cient ranges between —Il—completely
disassortative—and 1—completely
assortative.

Network level of centralization based
on betweenness centrality. This centrality
measure identifies those nodes which lie
on many shortest paths.

Proportion of mutual links in a directed
graph. It highlights the existence of recip-
rocal connections between two members
of the network.

We associate density to mean degree. The degree
of a node corresponds to the number of links inci-
dent upon the node. Thus, mean degree represents the
average number of connections established by a gen-
eral node in the network. A distinct behavior of real
networks consists in the emergence of giant compo-
nents. According to Barabasi (2016), these dynamics
take place in the so called “supercritical regime,” i.e.,
when (k) > 1, where (k) is the mean degree of the
network. The network is instead in the “connected
regime” if (k) > InN, where N is the number of nodes
of the network. Therefore, we evaluate the density of
the ecosystem by comparing the mean degree to these
two thresholds.

In the end, the mean degree reveals if the mem-
bers of a system frequently exchange information each
other.

3.3 Stability

Stability refers to the identification of ecosystems as
robust structures endowed by the capacity of solving
complex and unpredictable problems. Stability implies
strong connections among the members of a system,
making the system able to recover from shocks and to
survive over time.

We associate stability to network robustness. The
study of a system’s stability via network robustness
consists in investigating variations in the underly-
ing network topology (Albert et al., 2000; Barabasi,
2016; Thurner et al., 2018; Liu et al., 2022). Accord-
ing to Barabdsi (2016), the breakdown of a network
following a random node removal is not gradual.
Indeed, removing a limited number of nodes has
reduced impact on network topology. However, once
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the fraction of removed nodes (f) exceeds a critical
threshold (f,.), the network becomes suddenly dis-
connected. Following the Molloy-Reed criteria, the
critical threshold is defined as:

@)

where (k) and (k?) are the mean and the second
moment of nodes’ degree, respectively.

A network shows enhanced robustness if its criti-
cal threshold is greater than the randomized network

predicition, i.e., f. > fER, where fER is defined as

follows:
ER _ 1 _ L

Then, the stability of a system can be determined
by analyzing changes in the dimension of the giant
component when random failures occur.

3.4 Leadership

Leadership, intended as the presence of a strong group
of entrepreneurs and companies, is another fundamen-
tal aspect of an entrepreneurial ecosystem. The exis-
tence of leaders provides directions and role models,
and it is critical in building and maintaining a healthy
environment as well as in guiding the community to
exploit attractive opportunities.

We associate leadership to page rank centraliza-
tion. Page rank is a centrality measure ranking the
nodes according to the number and the quality of
their connections and the connections of their neigh-
bors (Page et al., 1999), and it is also the fundamental
logic behind the rationale of the Google algorithm.
Page rank centralization computes the graph-level
centrality score, i.e., how much the network is central-
ized, based on the aforementioned centrality measure.
Specifically, the normalized page rank centralization
P of a general network G is defined as follows:

Zu(maxwpw — Pv)
Zv(pmax - pv)

P(G) = @)

where p, is the page rank of vertex v, maxy, py, is the
maximum value of page rank in the network, and p;, 4«
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is the maximum theoretical page rank for a node in a
network with the same number of vertices (Freeman,
1978; Wasserman and Faust, 1994).

Thus, leadership patterns emerge in the presence of
a page rank centralization that is higher than the mean
of the same metric over a set of ER random graphs.

3.5 Diversity

Diversity is defined as the presence of different classes
and venture types, whose members interact regard-
less the category they belong to. Diversity contributes
to the establishment of a wealthy, heterogeneous, and
rich environment, facilitating the cross-fertilization of
ideas, and sharing expertise among actors.

We associate diversity to assortativity. According
to Newman (2018), a network is assortative if a signif-
icant fraction of links run between nodes of the same
type. This metric is defined as the Pearson correla-
tion coefficient of degree or attributes between pairs of
linked nodes (Newman, 2002), then ranging between
—1 and 1. Thus, assortativity can be calculated based
on different characteristics of a node, revealing the
extent to which members of different nature (e.g.,
metadata referring to different domains, such as coun-
tries) and different relevance (e.g., in terms of number
of connections) interact with each other (Cinelli et al.,
2020).

Therefore, a diverse and heterogeneous environ-
ment is expected to show neutral behaviors avoiding
preferential mechanisms.

3.6 Intermediaries

Intermediaries, embodied by support organizations
such as accelerators, incubators, universities, and
research centers, are emphasized as a key resource
for an entrepreneurial ecosystem. Intermediaries carry
out two crucial activities: they act as brokers between
different actors of a system, and they channel the
information flow toward peripheral members.

We associate intermediaries to betweenness cen-
tralization. Betweenness centrality is a centrality mea-
sure determining the number of times a node lies on
the shortest path between any two other nodes, thus
channeling and controlling the exchange of knowledge
in the network (Newman, 2018). Betweenness cen-
tralization computes the graph-level centrality score
based on the early introduced centrality measure.
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Specifically, the normalized betweenness centraliza-
tion B of a general network G is defined as follows:

Zv(mawaw —by)
Zv(bmax - bv)

B(G) = )

where b, is the betweenness of vertex v, max,b,, is
the maximum value of betweenness in the network,
and b, 18 the maximum theoretical betweenness for
anode in a network with the same number of vertices
(Freeman, 1978; Wasserman and Faust, 1994).

Then, distinct intermediaries connecting different
network components emerge if the value of between-
ness centralization is higher than the mean of the same
metric over a set of ER random graphs.

3.7 Feedback loops

Feedback loops, caused by upward and down-
ward links, are an essential characteristic of an
entrepreneurial ecosystem, showing the interdepen-
dence between the actors of the system. This notion
derives from the original concept of ecosystem, which
is generally an environment based on mutual rela-
tionships (e.g., the carbon balance of the terrestrial
ecosystems).

We associate feedback loops to reciprocity coeffi-
cient. This metric computes the probability that a link
from a node to another is reciprocated within the net-
work (Wasserman & Faust, 1994). Reciprocity coef-
ficient determines the fraction of mutual relationships
between the members of a system.

Specifically, feedback loops frequently occur if the
reciprocity coefficient is higher than the mean of the
same metric over a set of ER random graphs.

For the sake of clarity, we summarize our research
framework in Fig. 1.

Fig. 1 Research framework

Complex
systems

€

4 The case study: an international start-up
network on Twitter

We present an empirical case study about the
assessment of the network-based principles of an
entrepreneurial ecosystem, taking into account an
original network made up of some among the most
popular and promising start-ups from seven differ-
ent countries: Austria, France, Germany, Italy, Spain,
Switzerland, and the UK. In this way, we aim
to measure the structural elements of a potential
entrepreneurial ecosystem built by using the relation-
ships occurring in April 2020 among a final set of 612
selected start-ups, considering Twitter as a proxy for
connectivity.

We consider the analysis of an online network an
intriguing case study for many reasons. At first, the
pandemic changed the way in which most of the rela-
tionships (especially in a working environment) occur
(Almeida et al., 2020). Digital platforms have been
emerging as essential to communicate, and they will
probably keep this key role in the future as well
(Seetharaman, 2020). As a consequence, the concept
of proximity, which is essential in the definition of
entrepreneurial ecosystems, has changed. Rather than
geographical and physical, we need to consider other
kinds of proximity, and our case study provides an
example of that. Secondly, Twitter is one of the most
used social networking platforms among innovative
firms, and its usage increases networking capabilities
as well as the possibility to establish professional links
between different companies (Gloor et al., 2013; Per-
otti & Yu, 2015; Tajudeen et al., 2018). Some recent
works related to business are exploiting information
deriving from Twitter in order to gain relevant insights
about companies. For instance, Tumasjan et al. (2021)
study the role of digital traces on Twitter as a predic-
tor of business venturing opportunities, finding that
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Twitter is particularly important when start-ups are
still young. Yue et al. (2019) inspect the engage-
ment among Fortune 200 and top startup CEOs on
Twitter. A more comprehensive review on the impor-
tance of social media for entrepreneurship can be
found in Olanrewaju et al. (2020). Finally, analyzing
relationships occurring in an online platform allows
us to go beyond regional and national borders—as
entrepreneurial ecosystems are usually defined—and
deal with an entrepreneurial ecosystem at the conti-
nental level.

In the Twitter network, a following relationship
can be considered as an expression of interest toward
another actor in the sense that it expresses the desire
to be up-to-date with the news posted by the followed
actor. Indeed, the following relationships on Twitter
are among the main factors that rule the timeline, i.e.,
what the users see on the platform, and, in turn, the
information they automatically have access to.

In order to define formally the relationships on
Twitter, let us consider a generic couple of start-ups,
A and B. If A is a follower of B, it means that A has
an interest in B. Similarly, if B is a follower of A, it
means that B has an interest in A. If A and B follow
each other, then A is accounted in the list of B’s follow-
ers while B is accounted in the list of A’s followings.
Accordingly, being the relationship of interest mutual,
B is accounted in the list of A’s followers while A is
accounted in the list of B’s followings.

Data processing, network analysis, and all sim-
ulations are conducted using the software R (R.
Core Team, 2014), specifically the “igraph” package
(Csardi and Nepusz, 2006). Network extraction is real-
ized by interacting with Twitter’s API through the
“rtweet” package (Kearney, 2019).

4.1 Data collection

The process of data collection follows a three-step
procedure.

4.1.1 Step 1

The lists of the most promising start-ups for each
country in 2019/2020 are collected from accredited
sources which provide every year the names of the
most noteworthy start-ups in the international context.
Specifically, we select those start-ups with a website
up and running at the time of data collection. The list
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of the sources used within this study is the follow-
ing: Sifted, Seedtable, Startupltalia, Top 100 Swiss
Startup Award, Startups, StartupsReal by El Refer-
ente. A description of each source as well as the
related access date is provided in the Supplementary
Material.

4.1.2 Step 2

All the start-ups identified during the previous step are
classified in fifteen different categories according to
their business activities. The identification criteria are
based on the description of each category, which is
reported in the Supplementary Material.

This classification is obtained in a twofold way:
some sources from which start-ups are taken explic-
itly indicate the category of each start-up; for the
remaining cases, the category is retrieved from the
description of the company as provided either on its
website or on its Twitter profile.

4.1.3 Step 3

We exclude all the start-ups that do not own a Twit-
ter account, as being Twitter the proxy we refer to
build the network. The final dataset comprises 612
start-ups out of an initial set of 712 start-ups. The dis-
tribution of the selected start-ups over different coun-
tries and categories is represented in Figs. 2 and 3,
respectively.

4.2 Network construction and visualization

The network of start-ups is built by downloading
follower and following relationships for each of the
612 accounts, through the interaction with Twitter’s
Standard APIL.

The resulting network includes 612 nodes, corre-
sponding to the aforementioned set of start-ups, and
1150 directed edges. In more detail, each start-up
corresponds to a node, while an edge stands for the
relationship between two different start-ups, i.e., there
is a directed link from i to j if start-up i follows start-
up j on Twitter, while there is a directed link from j
to i if start-up j follows start-up i (or, equivalently,
start-up i is followed by start-up j) on Twitter. The
bulk of these links take place among 419 start-ups,
representing the giant component of the network, i.e.,
the greatest subset of nodes all mutually connected
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Fig. 2 Distribution of
start-ups over countries

by any path. More precisely, the network is structured
in the following way: a giant component, made up of
419 nodes; eight small connected components, six of
which are made up of 2 nodes, while the other ones
are made up of 3 and 5 nodes; the remaining com-
ponents consist in 173 isolated nodes. The network is
displayed in Fig. 4.

5 Empirical results
The following section shows the results we obtain

by measuring the seven network-based principles of
the network introduced in Section 4. Hereafter, we

Fig. 3 Distribution of start-ups over categories

address each principle formulated in Section 3, and
then we summarize all the results in Table 2.

5.1 Connectivity

We standardize clustering coefficient and average
shortest path by comparing them with the mean of the
corresponding values over 1000 ER random graphs
characterized by the same number of nodes and edges.
The computed small-world-ness index results in 33.7,
thus suggesting the network to be properly small-
world.

5.2 Density

The mean degree of the network is equal to 3.76.
According to Barabasi (2016), since the mean degree
is greater than 1, the network is in the “supercritical
regime”. However, the obtained value is lower than
InN = 6.42, i.e., the critical threshold identifying the
“connected regime.”

5.3 Stability

A significant fraction of nodes needs to be removed to
suddenly disconnect the network of start-ups. Specifi-
cally, the critical threshold corresponds to 0.86, which
is greater than the threshold of the randomized net-
work prediction, resulting in 0.73. The enhanced
robustness of the network emerges also from Fig. 5,
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Fig. 4 Network of
European start-ups on
Twitter

where we represent the portion of nodes belonging
to the giant component (Poo(f)) while progressively
removing an increasing fraction of random chosen
nodes (f), with respect to the initial portion of nodes
in the network belonging to the giant component
(P (0)). Since the error tolerance analysis could be
influenced by the nodes that are randomly chosen at
each step of the algorithm, this kind of simulation
is repeated 1000 times, in order to smooth out even-
tual fluctuations of the outcome. The evaluation of
network robustness is then enriched by the compari-
son with the average results obtained over 1000 ER
random graphs with the same number of nodes and
edges.

The results are strongly influenced by the struc-
ture of the network, since the huge amount of small
degree nodes allows the network to efficiently react
in case of random failures. Therefore, the connections
among the start-ups are stable enough to guarantee
that the size of the giant component will not consid-
erably decrease, and that the network will not become
highly disconnected.

@ Springer
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5.4 Leadership

The network level of centralization based on the val-
ues of page rank is equal to 0.02. The average value of
centralization over 1000 ER random graphs character-
ized by the same number of nodes and edges is 0.006.
Therefore, the network structure shows the presence
of leadership patterns.

5.5 Diversity

Concerning the assortativity coefficient to degree, the
network results to be quite neutral, being the coeffi-
cient equal to —6.8 x 1073. On the other hand, the
values of assortativity to the two attributes of the start-
ups, which are country of origin and category, are
0.73 and 0.23, respectively. Therefore, we can observe
a clear evidence of the effect of geographical prox-
imity in the establishment of relationships within the
network. A quite similar phenomenon is determined
by the membership of the start-ups to the same cate-
gory. On the other hand, the activity of the start-ups
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Table 2 Results obtained by measuring the seven network-based principles in the network of start-ups, compared to benchmark values

Metric Result Benchmark values Interpretation

Small-world-ness 33.7 1 The network shows a small-world struc-

index ture.

Mean degree 3.76 1 (supercritical) The network depart from the ER random

6.42 (connected) scenario, but it is not highly-connected.

Network 0.86 0.73 The network displays enhanced robust-

robustness ness.

Page rank cen- 0.02 0.006 The network structure reveals the pres-

tralization ence of leadership patterns.

Assortativity —0.007 (degree) —1 (disassorta- Clear evidence of geographical proximity,
0.73  (country) tive) O (neutral) and sectorial clusterization, while no pref-
0.23 (category) 1 (assortative) erential mechanisms between nodes of the

same size.

Betweenness 0.04 0.06 The network structure does not highlight

centralization the presence of distinct intermediaries.

Reciprocity 0.32 0.003 Structural feedback loops occur frequently

coefficient in the network.

in the network does not show preferential mechanisms
between similar nodes in terms of their size.

5.6 Intermediaries

The network level of centralization based on the val-
ues of betweenness centrality is equal to 0.04. The
average value of centralization over 1000 ER random
graphs characterized by the same number of nodes and
edges 0.06. Therefore, the network structure does not
highlight the presence of distinct intermediaries.

5.7 Feedback loops

The reciprocity coefficient in the analyzed network
is equal to 0.32, namely about 1/3 of relationships
are mutual. This value definitely overperforms the
average reciprocity coefficient over 1000 ER random
graphs that is 3.1 x 1073, Then, we can conclude that
the presence of feedback loops is frequent within the
network of start-ups.

6 Conclusion and discussion

In this paper, we propose an innovative approach to
the measurement of the structure of entrepreneurial
ecosystems. Since entrepreneurial ecosystems can be
considered complex systems characterized by a multi-
tude of actors frequently interacting among them, we

adopt a network-based approach to analyze the con-
nections between the members of an entrepreneurial
ecosystem. Specifically, we address some important
structural features that, according to the literature,
characterize entrepreneurial ecosystems: connectivity,
density, stability, leadership, diversity, intermediaries,
and feedback loops.

We associate each element to a consoli-
dated network metric. In doing so, we provide
seven network-based principles characterizing
entrepreneurial ecosystems that can be measured and
assessed to monitor and evaluate the structure of a
given entrepreneurial ecosystem. In this way, we shed
light on an open issue in the current literature, which
is the investigation of the structure of entrepreneurial
ecosystems. In particular, the measurement of the
structural features of an entrepreneurial ecosystem
is of fundamental importance to tailor proper poli-
cies fostering collaboration and innovation, since all
the actors, structures, and practices that characterize
entrepreneurial ecosystems strongly contribute to
digital innovation and economic growth.

This is a novel approach to the measurement of
entrepreneurial ecosystems with respect to previous
methods. For instance, considering the EIDES family
of indicators, there are two main novelties introduced
by our approach. Firstly, the indicators characteriz-
ing the EIDES correspond to statistics published (in
almost all cases) annually by international institu-
tions, such as Eurostat, World Economic Forum, and
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Fig.5 Error tolerance analysis: effects on the giant component.
P (f) is the number of nodes belonging to the giant com-
ponent over the total amount of nodes in the network, when
removing a specific fraction of nodes f; Poo(0) is the number of
nodes belonging to the giant component over the total amount
of nodes in the network, when removing 0 nodes, i.e., the initial
portion of nodes in the network belonging to the giant compo-
nent. Poo(f)/Pso(0) represents the portion of nodes belonging
to the giant component when removing a certain fraction of
nodes f, normalized by the initial portion of nodes belonging
to the giant component

others. It follows that the EIDES represents a well-
recognized ex-post indicator aimed at measuring the
digital development of entrepreneurial ecosystems.
Differently, the proposed approach, being based on
network metrics, allows monitoring the structure of
an entrepreneurial ecosystem in real-time, without
the need to wait for the publication of national and
international statistics. Secondly, as linked to country-
level statistics, the EIDES does not allow dealing
with entrepreneurial ecosystems at the international
level. Even if entrepreneurial ecosystems are usually
defined in terms of local districts at the regional or
national level, the investigation of the establishment
of innovation and digital ecosystems at the interna-
tional level is gaining attention recently, especially in
a European policy context. Our approach, being based
on connections between organizations, can be applied
in an international context in all the cases in which
the analyzed ecosystem is characterized by interac-
tions between foreign partners, as in the case study we
report. Nevertheless, in the future we intend to cre-
ate an overall index including all the network-based

@ Springer

measures, being coherent with the EIDES family of
indicators.

We also contribute to the literature by proposing
an alternative conceptualization of ecosystems consid-
ering online relationships. In particular, we provide
an example of a network constituted by 612 start-
ups belonging to seven different countries, built by
considering the relationships occurring among them
on Twitter. This is an innovative way to investigate
entrepreneurial ecosystems that can gain increasing
attention in the next future. The pandemic indeed,
shifted several relationships toward digital platforms,
extending the concept of proximity that is central in
the definition of entrepreneurial ecosystems. In par-
ticular, Twitter is one of the most important social
networking platforms among high-technology firms,
and it has been recently used as a predictor of start-
ups’ success (Tumasjan et al., 2021). Finally, online
relationships can extend beyond regional and national
borders, allowing the establishment of entrepreneurial
ecosystems at the continental level.

As a further development, we would like to inte-
grate the network of start-ups on Twitter with other
kinds of network including other types of actors to
investigate their interactions in a multi-layer ecosys-
tem. In this way, we aim to detect the interrelated
dynamics and mechanisms that affect entrepreneurial
ecosystems online and offline, simultaneously.

The proposed approach also leaves room for some
policy implications. Indeed, it can provide real-time
indications on how an entrepreneurial ecosystem is
structurally developing, allowing for timely interven-
tions in case of unmet properties. In this way, we
contribute to a claimed gap in the current analysis,
which is the need of data-driven approaches to model
and measure entrepreneurial ecosystems. More gen-
erally, the proposed methodology aims to support
policy-makers and institutions funding the establish-
ment of collaborative networks and entrepreneurial
and innovation ecosystems. The results obtained from
the measurement of the network-based principles in
fact can help these actors evaluate the impact of their
policies on the structure of a specific system.

Looking at the results, we find that the members of
the analyzed network are able to communicate with
each other in few steps due to the small-world struc-
ture of the system, despite the low number of edges
in the network. The average number of connections
established by a start-up suggests the network to be
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in the “supercritical regime,” thus departing from the
ER random scenario. However, the mean degree is not
sufficiently high to allow the network to shift toward
the “connected regime.” One possible reason of such
behavior could be the stage of development of the ana-
lyzed network, as well as the early adoption of Twitter
in the business processes. In conclusion, our findings
highlight a partial ecosystem-like nature of the ana-
lyzed network, pointing out those elements that need
to be better established in order to consider it a proper
entrepreneurial ecosystem. An eventual limitation of
our case study is related to the fact that start-ups might
be connected via their founders or CEOs on Twitter
rather than via their corporate accounts.

This work represents a first attempt to analyze the
social network structure of a system to guide policy-
making decisions. In the future, we aim to apply the
methodology in the presence of other ecosystems, in
order to collect data to perform a comparative analysis
among different systems.
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