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scientific activities thus already attracted some attention in the research community, but
no work so far studied possible factors which can influence the network positions of the
researchers at the individual level. The objective of this paper is to investigate various
characteristics and roles of the researchers occupying important positions in the collabo-
ration network. For this purpose, we focus on the collaboration network among Canadian
Collaboration researchers during the period of 1996 to 2010 and employ multiple regression models
Statistical analysis to estimate the impact on network structure variables. Results highlight the crucial role
NSERC of past productivity of the researchers along with their available funding in determining
Canada and improving their position in the co-authorship network. It is shown that researchers
who have great influence on their local community do not necessarily publish high quality
works. We also find that highly productive researchers not only have more important con-
nections but also play a critical role in connecting other researchers. Moreover, although
mid-career scientists tend to collaborate more in knit groups and on average have higher
influence on their local community, our results specifically highlight the important role of
young researchers who occupy mediatory positions in the network which enable them to
connect different communities and fuel information transmission through the network.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent progress ininformation technologies has cut the world-wide distances enabling researchers to get in contact easier.
Hence, nowadays no specific border can be defined for scientific activities in a way that researchers have formed a global
community aiming to advance the level of knowledge. Concurrently, the nature of the science has become more complex and
inter-disciplinary which encourages scientists to be more collaborative in order to increase their scientific productivity, to get
access to new knowledge and financial resources, etc. Katz and Martin (1997) define scientific collaboration as the process
through which researchers with a common goal work together to produce new scientific knowledge. The importance of
collaborative research is now acknowledged in scientific communities (Brad Wray, 2006). Through collaboration researchers
get access to an often informal network of scientists that may facilitate knowledge and skill diffusion (Tijssen, van Leeuwen,
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& Korevaar, 1996; Tijssen, 2004). Although it is not easy to quantify scientific collaboration, co-authorship has become
the standard way of measuring collaboration since it is considered as a better sign of mutual scientific activity (De Solla
Price, 1963; Ubfal & Maffioli, 2011). Co-authorship networks, as one of the main forms of scientific collaboration (Abbasi,
Altmann, & Hwang, 2010), evolve over time. This evolution might reflect the growth/decay of a research subject, community
or even a scientific field (Huang, Zhuang, Li, & Giles, 2008). This evolution and changes can be also seen at the nodes level
(i.e. researchers in the co-authorship networks) where researchers’ positions and their importance within their community
and/or the whole collaboration network might also change over time. Position of a node in a network depends both on its
direct and indirect connections with the other nodes (Mattsson & Johanson, 1992).

Due to the growing large number of researchers and their co-authorship links, scientific collaboration networks are among
the complex ones (Abbasi, Hossain, & Leydesdorff, 2012). Role of a researcher (node) in a network can bring some advantages
to the researcher (e.g. better access to knowledge sources, political factors, awareness of potential projects, etc.), and the
surrounding community. This becomes more interesting as one notes that the roles of nodes in a network might change over
time (Abbasi et al., 2012). Barabasi and Albert (1999) showed that a new node in a network will be linked to the other nodes
with large number of connections (higher degree centrality) with a higher probability. This indicates the importance of the
highly connected nodes in a network. This is also confirmed by Moody (2004) who showed that authors who are new in a
scientific network are more likely to get connected to highly reputable authors with many collaborators thus making the
surrounding community of the reputable researcher denser. On the other hand, there exist studies indicating that getting
connected to high performing nodes (researchers, organizations, etc.) can affect the performance of the connecting node.
For example, Mote (2005) analyzed the impact of inter-organizational complexity on the research output of 20 projects in
national labs and found that groups that were connected to prolific organizations also showed higher performance. All of
this highlights the importance of structural collaboration network positions in scientific and technological activities. Thus
this paper specifically focuses on researchers’ roles in their collaboration networks and assesses the impact of influencing
factors.

The remainder of the paper proceeds as follows: Section 2 discusses the gaps in the literature and objectives of the
research; Section 3 presents the data, methodology and the models; Section 4 presents the empirical results and interpre-
tations; Section 5 concludes; and Section 6 discusses the limitations.

2. Research motivation and objectives

Scientific collaboration is more and more attracting the attention of researchers as the science is evolving toward a more
complex and highly inter-disciplinary nature. The continuous growing trend of collaboration in terms of the number of co-
authored papers has been widely confirmed in bibliometric studies (e.g. Grossman, 2002; Cronin, 2005). In addition, it has
been studied in a vast number of different disciplines such as computer science, sociology, research policy, and philosophy
(Sonnenwald, 2007), focusing on different aspects of collaboration. In a quite different study, Jiang (2008) presented an algo-
rithm for detecting active researchers in scientific communities which is based on an abstract definition of collaboration cost
and number of interactions between researchers. Their assumption of considering active researchers to be more attractive
for collaboration partially confirms the importance of collaboration in scientific communities. Abbasi et al. (2010) used the
three measures of researchers’ collaboration network structure, number of collaborations and productivity of co-authors to
quantify the collaboration activities of researchers. They proposed two indices, namely researchers collaboration (RC-index)
and community collaboration (CC-index), which can be also used for detecting the best partners for a research project.

It is argued that the structure of the network can affect the collaboration patterns and scientific output (Ebadi &
Schiffauerova, 2015a). Several studies assessed the impact of collaboration patterns and network positions on scientific activ-
ities and performance of researchers (e.g. Eslami, Ebadi, & Schiffauerova, 2013; Beaudry & Allaoui, 2012; Abbasi, Altmann, &
Hossain, 2011) as well as their level of funding (e.g. Ebadi & Schiffauerova, 2015b) and found a positive relation in most of
the cases. For example, Abbasi et al. (2011) focused on the impact of four network indicators (i.e. degree centrality, closeness
centrality, betweenness centrality and eigenvector centrality) along with some other factors on the citation-based perfor-
mance of researchers who were active in information systems field and found a positive relation between eigenvector and
degree centralities and the performance of the target scholars. In another study, Abbasi et al. (2012) analyzed the impact
of possessing various roles in co-authorship network in observing new researchers for collaboration. Their results suggest
the higher importance of betweenness centrality as well as the degree centrality of an existing researcher in attracting new
entrants. In addition, there are a number of studies that evaluated the impact of several influencing factors (e.g. funding,
gender, scientific fields) on scientific collaboration and its patterns (e.g. Bozeman & Corley, 2004; Adams, Black, Clemmons, &
Stephan, 2005; Gulbrandsen & Smeby, 2005; Rosenzweig et al.,2008; Defazio, Lockett, & Wright, 2009). For more information,
see the critical review of the literature by Ebadi and Schiffauerova (2013).

Although there are some studies that confirms the importance of structural network positions and relationships in
business and scientific communities (e.g. Hakansson & Ford, 2002), to the best of our knowledge no study shows how one
can possess such network positions by analyzing the impact of influencing factors on different network positions in scientific
collaboration networks. In other words, network structure variables have been so far considered at the right hand-side of
the equations, estimating their impact on various scientific activities or performance of the researchers, etc.

Apart from performance related factors and financial power, we hypothesize that career age and affiliation type of a
researcher might help him/her to possess more influential network positions. We define an influential researcher as a highly
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central and important researcher who can play a determinant role in his/her local or even global collaboration network. We
will use the general term of influential in the rest of the paper as the definition might slightly differs for each of the network
structure variables. Senior researchers might have on average a better established collaboration network and be more known
within their own community as well as the surrounding ones. Therefore, we expect that senior researchers can possess some
network positions easier than their young counterparts. Industrial researchers might have on average easier access to the
financial resources as well as the required research equipment which can help them to not only speed up their research but
to get in contact with other researchers easier. This makes industrial researchers as attractive nodes to connect to in collab-
oration networks, hence academic researchers are also eager to get connected to prolific industry teams/projects (Balconi &
Laboranti, 2006). Therefore, industrial researchers might have a privilege in acquiring some influencing network positions.

Analyzing the impact of influencing factors of different types on researchers’ network positions can not only highlight
the determinant factors in playing different roles in the network but it can be also used as a guide for researchers who are
willing to play such roles. Considering a scientific network as a set of researchers and their inter-relations, a change in a
position of a researcher not only might affect his/her performance but the performance of researchers who are connected
to him/her. Various network positions might provide a researcher with different privileges. For example, researchers who
connect different clusters might gain an advantage in securing more research money as they have a control over the network
and the flow of information. Another example would be researchers with high influence among their local community that
might enable them to better conduct a research or to find an appropriate research partner easier.

This paper uses a large dataset of Canadian researchers active in natural sciences and engineering and conducts a statistical
analysis to reveal the inter-relations among the selected influencing factors and various structural network positions at the
individual level of the researchers. Social network analysis was used to calculate the centrality measures of the target
researchers. In addition, several pre-processing stages were taken to assure the accuracy and quality of the data that will be
explained later in the respective section. We expect different factors to be more important in possessing different network
positions thus we inspect the determinant factors for each of the roles separately. In particular, our motivating research
questions are: What are the most determinant factors in acquiring various positions in scientific collaboration networks?
How the profiles of researchers with different network positions look like? Is it better to be affiliated with industry to
play important roles in the network? Is possessing an important role in the collaboration network biased toward senior
researchers?

The main contributions of the paper are: (1) focusing on network structure measures as dependent variables and esti-
mating the impact of various influencing factors of different types at the individual level of researchers, (2) employing
state-of-the-art techniques for cleaning and pre-processing the research data as well as using a unique procedure for retriev-
ing articles which helped us to gather more accurate data, (3) using a (the most) comprehensive and clean database of
Canadian researchers and performing the analysis at the country level of researchers involved in engineering and natural
sciences.

3. Data and methodology
3.1. Data

The data for this research was gathered in three phases. We expected funding to be one of the important factors which
affect the positions of researchers in the network. Since we were interested in the network positions of the Canadian
researchers, the Natural Sciences and Engineering Research Council (NSERC) of Canada was selected as the source of funding
data. The availability of the data as well as NSERC’s role as the main federal funding organization in Canada, and the fact that
almost all the Canadian researchers in natural sciences and engineering receive a research grant from NSERC (Godin, 2003)
were some of the reasons of such selection. In addition, NSERC lists full names of funded researchers that were helpful in our
entity disambiguation procedure (explained later). Hence in the first phase, the funded researchers’ data was extracted from
NSERC. Several preprocessing modules coded in JAVA were applied on the collected funding data. First, the data was checked
and corrected automatically for any special characters (e.g. French characters) and the names were parsed into first name and
last name. Students were also removed from the data as the NSERC database originally contains both scholarships and grants.
In the extracted data, funds were assigned to the principal investigator (PI) and all the other co-researchers were mentioned
in the same record. As the next stage, NSERC funding that contained a principal investigator was equally divided among
the PI and all the co-researchers. We validated the assumption of the equal division of the amount by holding interviews
with experts who were randomly selected through a stratified sampling method. This resulted in 379,891 records of funded
researchers. Since some researchers received several funds from NSERC in the same year, we created another complementary
dataset through merging the records for a given researcher in a given year by adding up the amounts, making the set of
(researcher, year) unique for each year. The final funding database contains 228,417 records of funded researchers within the
period of 1996 to 2010. The data includes name of grantee, title of the research project, year, amount, researcher’s affiliation,
funding program, etc.

In the next phase, we used Elsevier’s Scopus to collect all the information about the articles (e.g. co-authors, their
affiliations, year of publication, annual citation counts) that were published by the funded researchers within the period of
1996 to 2010. We decided to focus on the period of 1996 to 2010 since the data coverage of Scopus (e.g. citation data) was
better after 1996. To extract the articles, we did a full text search over the articles and fetched the ones that acknowledged
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Fig. 1. (a) Two-mode co-authorship network, (b) One-mode co-authorship network.

NSERC support in the body of the articles. Using a list of keywords as the input (different formats of the way NSERC can
be written and spelled), an automatic data collection procedure was designed and coded in JAVA for this purpose. This was
a crucial step in gathering more accurate data since the common procedure in the similar studies is extracting the funded
researchers’ data and then gathering all the articles that were published by those researchers. Such procedure will most likely
result in an over-estimation of the number of articles, as researchers usually use several sources of funding. The procedure
that we followed was based on the assumption that all the NSERC grantees acknowledge the source of funding in the article.
According to NSERC policies and regulations, researchers are required to acknowledge the source of funding in their publi-
cations. We held more than 30 interviews with randomly selected funded researchers and almost all of them approved such
assumption and confirmed that they do acknowledge NSERC in their papers. Hence, 144,156 articles were extracted within
the mentioned time interval. Several preprocessing steps were taken on the collected data, e.g. correcting special characters,
parsing affiliations, and detecting the research area. Latent Dirichlet Allocation (LDA) technique, first introduced by Blei, Ng,
and Jordan (2003), was used for keywords extraction from the title of the articles and research area detection. After perform-
ing the preprocessing stage, a crucial step was matching authors in the publications database with the funded researchers in
the funding database. Two particular problems then arose: (1) To determine if for example “Alan Smith”, “A. Smith” and “A.
C. Smith” are all pointing to the same author, and (2) If “Alan Smith” in “Concordia University” is the same person as “Alan
Smith” in “University of Toronto”. For this purpose, machine learning entity disambiguation techniques were employed.
NSERC data was almost clean containing the full names and affiliations of the funded researchers and Scopus data contained
the current and past affiliations of authors. To perform the entity disambiguation between funding and publication databases,
a similarity measure was defined based on name of researcher, his/her affiliations (including past affiliations) and research
area. A JAVA program was coded implementing the Nearest Neighbor algorithm. The assignment procedure was designed
semi-automatic due to the difficulties in entity disambiguation. That means the system asked user for a final decision on
cases for which it could not obtain a high similarity score. At the end of this stage, the same Scopus-id was assigned to the
matched records in funding and publication databases. The integrated database contains 174,773 records of disambiguated
researchers within the period of 1996 to 2010. To have a proxy of the quality of the papers we used SCImago to collect the
impact factor information of the journals in which the articles were published, i.e. SCImago Journal Rank (SJR). SCImago was
chosen for two main reasons. First, it provides annual data of the journal rankings that enabled us to perform a more accurate
analysis since we considered the impact factor of the journal in the year that an article was published, and not its impact in
the current year. Second, SCImago is powered by Scopus that makes it more compatible with our articles database.

In the last phase of the data gathering procedure, we used Pajek software to construct the co-authorship networks of the
target researchers for each of the single years of the examined time interval and to calculate the network structure variables
atthe individual level. For this purpose, a two-mode co-authorship network (De Nooy, Mrvar, & Batagelj, 2005) of researchers
was first created in which nodes represent both authors and articles and articles are connected to their respective authors
(Fig. 1a). Since authors were not directly connected to each other in the created two-mode network, as the next step we
converted the created two-mode networks to one-mode networks in which two given authors are connected to each other
if they have a joint article (Fig. 1b).

Five network structure variables were calculated on the created one-mode co-authorship networks, i.e. betweenness
centrality, clustering coefficient, eigenvector centrality, closeness centrality and degree centrality. The first four variables
were considered as dependent variables while the latter was regarded as one of the independent variables. The definiton
of the network structure variables will follow in Section 3.2. The calculated network structure indicators along with the
extracted journal quality measures were added to the final database, i.e. the target data. Fig. 2 shows the overall data
gathering procedure. The models and variables that were used in this research are presented in the following section.

3.2. Analytical models

The main objective of this research is determining the influencing factors that help researchers to acquire various roles in
scientific collaboration networks as well as their relation with the number of co-authors of researchers. Hence, we considered
two general models including two different types of collaboration proxies as dependent variables. The first model considers
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Fig. 2. The data gathering procedure in brief.

the average number of authors per paper as the collaboration measure (Model 1) while the second one (Model 2) considers
various network structure indicators as dependent variables.

3.2.1. Model 1: The common collaboration proxy

In our first model, relationship between the selected influencing factors and the direct team size of researchers is investi-
gated. The direct team size is calculated based on the number of authors per paper which is a common indicator of scientific
collaboration and has been widely used in the literature (e.g. Beaver & Rosen, 1979; Rosenzweig et al., 2008). We consider
two slightly different dependent variables, one is based on the overall average number of co-authors for a given researcher
(is referred to Model 1-a in the rest of the paper) and the other one focuses on the average distinct number of co-authors
(Model 1-b). It should be noted that the distinct team size is different from the overall team size as well as the degree of a
node. For example, suppose we have an author who has published articles jointly with three authors (not necessarily distinct
authors), hence the degree of the author is three. Now, suppose the same author has published two articles, one of them
in a co-authorship with author-A while the other one was written with authors A and B. Hence, the given author worked
with three co-authors on two articles thus the overall team size is 1.5 (3/2). However, since he has worked with just two
distinct co-authors (A and B) the distinct team size will be 1 (2/2). Comparing the results for Models 1-a and 1-b can reveal
if the influencing factors are more correlated with the overall number of research partners or with the specific co-authors
of given researchers. The model to be estimated in the reduced form is as follows (independent variables are explained in
Section 3.3):

teamSize;
= B1 x avgFund3;_1 + B2 x noArt3;_1 + B3 x avglf3;_; + B4 x avgCit3;_; + PBs x careerAge;
disTeamSize;

+ B6 x dAcademia; + «; (1)

3.2.2. Model 2: Researchers’ position in collaboration network
As discussed before, different network positions can bring various advantages to researchers. Model 2 specifically focuses
on four important network measures (i.e. betweenness centrality (bc), clustering coefficient (cc), eigenvector centrality (ec),



814 A. Ebadi, A. Schiffauerova / Journal of Informetrics 9 (2015) 809-825

and closeness centrality (cl)) and estimates the impact of the influencing factors in possessing and playing various network
structural roles. We are interested in finding the set of the most important factors in playing each role in the collaboration
network.

Betweenness centrality (bc) focuses on the role of intermediary individuals in a network. This measure identifies some
important players, also called as gatekeepers, in the network who are able to bridge different communities. Such actors play
an important role in knowledge and innovation diffusion as they have control over different clusters (sub-networks). Thus,
being on the path of information pool and bridging different clusters might bring a strategic advantage to the gatekeepers in
getting involved in new projects, finding partners or securing financial resources. These factors were our main motivations
to study this role. Theoretically, betweenness centrality of node k is measured based on the share of times that a node i
reaches a node j via the shortest path passing from node k (Borgatti, 2005). Hence, the more a node lies on the shortest path
between any two other nodes in a network, the higher betweenness centrality it has which indicates the higher control
that the node has over other two non-adjacent nodes (Wasserman, 1994). Hence, betweenness centrality of node k (bc;) is
defined as follows:

aij (k)
i#tk#j

where o is the total number of shortest paths from node i to j and oj(k) is the number of shortest paths from node i to node

j that contains node k.

Clustering coefficient (cc), also called cliquishness, counts the number of triangles in a given undirected graph to mea-
sure the level of clustering in the network. In other words, it is the likelihood that two neighbors of a node are also
connected to each other (Hanneman & Riddle, 2011). Researchers with high clustering coefficient tend to cluster with
other researchers resulting in tightly knit group collaboration with high number of connections among the team members.
Thus, such researchers might benefit from the tight inter-connections in their groups to produce higher quality works by
using the internal referring among the team members. Therefore, possessing this role can also bring some advantages to
researchers which makes it interesting for our analysis. An intuition is to see this type of collaboration in some specific areas
due to cultural issues or language factor. Watts and Strogatz (1998) define clustering coefficient based on a local clustering
coefficient (Icc) for each node within a network. The definition of Icc is:

lec: — number of triangles connected to node i
'™ number of triples centered on node i

(3)

The denominator of the above formula counts the number of set of two edges that are connected to the node i (triples).
The numerator counts the number of three nodes that are all connected to each other. The overall clustering coefficient is
calculated by taking average of the local clustering coefficient of all the nodes within the network. Hence,

n

cc = ZLCQ /n (4)

i=1

in which n denotes the number of vertices in the network. This measure returns a value between 0 and 1 in a way that it
gets closer to 1 as the network interconnectivity increases (higher cliquishness).

Eigenvector centrality (ec) is based on the idea that the importance of a node in a network also depends on the importance
of its connections. Hence, an actor has higher eigenvector centrality if it is connected with other important actors who
are themselves occupying important positions in the network. In other words, eigenvector centrality measures how well
connected an actor is in a network thus, it can be regarded as a measure of a researcher’s influence in the network. Being
connected to other highly important (central) researchers can bring a strategic and diplomatic power to a researcher which
makes the role interesting for our analysis. Bonacich (1972) defined the centrality of an actor based on sum of its adjacent
centralities. In our network, researchers who have high eigenvector centrality values will be identified as leaders in the
co-authorship network since they are connected with too many other influential and highly central researchers, and it is
hence expected that they shape the collaborations and play an important role in setting priorities in scientific projects.

Closeness centrality (cl) was first proposed by Sabidussi (1966) and is defined based on the shortest path between the
nodes in a graph. This measure of centrality considers both direct and indirect connections among the nodes. Researchers
with high closeness centrality can be regarded as local influencers since they are highly connected to other researchers at
least within their own community. These researchers are able to interact and communicate faster (if required) with other
researchers in a network hence bringing a brokerage advantage to themselves as well as to their surrounding community.
Such researchers are not necessarily important players at the global network level but they are often locally very important
actors as they can have an influence on the information spread and on the access to the key resources (both human and
financial). Thus, we decided to focus on this role in our analysis as well. Theoretically, the closeness centrality of node i in a
graph with n nodes is calculated as:

1

(Zien- 1)

Cli =

(5)
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where d(i,j) is the length of shortest path between the nodes i and j. Based on the definition, closeness centrality can only
be calculated in connected components (completely connected sub-network with no isolated nodes) or graphs since if the
graph is not connected the denominator becomes oo and as a result the closeness centrality would be zero which is not
informative. This assumption has been widely used in different studies (e.g. Fleming, King, & Juda, 2007; Uzzi & Spiro, 2005)
and is justifiable since the core research activities mainly occur in the largest component (Fatt, Ujum, & Ratnavelu, 2010). We
will calculate this centrality measure in the largest connected component of the co-authorship networks. Having defined
the dependent variables, the model to be estimated for the network positions of researchers in the reduced form (Model 2)
is as follows:

= B1 x avgFund3;_1 + B2 x noArt3;_y + B3 x avglf3;_1 + Ba x avgCit3;_1 + Bs x dc; + Bg x careerAge;

+ B7 x dAcademia; + Bg x dProvince; + B9 x dFundProgram; + «; (6)

STATA 12 data analysis and statistical software was used to estimate the models. The independent variables are explained
in the next section.

3.3. Independent variables

Funding is recognized as one of the main drivers of collaborative activities. Researchers may use the financial support
to get involved in new projects, find new partners and cover the coordination costs among the team members. It enables
researchers to better internalize the respective duties among the team members (Ubfal & Maffioli, 2011). Moreover, funding
can enable the central (important) researchers in a network to make a good balance between their ongoing collaborative
activities and new knowledge creation (Porac et al., 2004). Hence, we considered the average amount of funding that a
researcher has received over the past three years (avgFund3;_ ) in the estimation models. In the literature, three-year (e.g.
Payne & Siow, 2003) or five-year (e.g. Jacob & Lefgren, 2011) time windows have been considered for the funding to take
effect. We tested both time windows in our models and found more robust results for the three-year time window.

Itis expected that highly productive researchers with high quality works possess more important positions in the network.
One reason is that they are expected to work on relatively higher number of projects and as a result get in contact with more
researchers. This provides them with more opportunities to get access to new financial and expertise resources which can
be used to improve their network position. Therefore, past productivity of researchers in terms of number of publications
was also included in the model. Apart from the rate of publications, quality (impact) of works can also play a role in acquiring
important positions in a network. High quality works are expected to bring more reputation and distinction to a researcher
thus helping him/her to possess more central positions. As a proxy for the quality of the papers, we added avglf3;_1 to the
model that was calculated based on the average impact factor of the journals in which the author has published articles in
a three year time interval. We also added avgCit3; _; variable to the model that is the average citations of the articles in the
past three years as another measure for the impact of the papers. Both measures were included since they reflect slightly
different aspects of the publication quality. Journal ranking reflects both the credibility of the journal and the author in a
way that it can be sometimes biased toward highly prolific reputable researchers. On the other hand, the citation counts in
general reflect the credibility of a paper within the target scientific community.

Degree Centrality (dc) is defined based on the number of ties that a node has (degree) in an undirected graph. Hence,
researchers with high degree centrality should be more active since they have higher number of ties (links) to other
researchers (Wasserman, 1994). In co-authorship networks it can be regarded as the number of direct collaborators or
team members of a researcher thus facilitates access to a variety of skills and complementary knowledge for him/her. There-
fore, we expect this measure to play a role in acquiring/maintaining important network positions. Degree centrality for node
i is thus defined based on the node’s degree and then the values are normalized between 0 and 1 in order to be able to
compare centralities:

_ degree of node i
" highest degree in the network

dC,‘ (7)

Older researchers in general can be more productive (Merton, 1973; Kyvik & Olsen, 2008). Several factors like better access
to the funding and expertise sources, more established collaboration network, better access to modern equipment, etc. may
cause the higher productivity. In addition, senior researchers are on average more recognized than their young counterparts.
This recognition might provide a senior researcher with more opportunities to get access to the key knowledge and financial
resources and acquire more central positions in his/her scientific community. Hence as a proxy for the career age of the
researchers, we included a control variable named careerAge; representing the time difference between the date of his/her
first article in the database and the given year.
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In each of the models we used different types of dummy variables. In order to test the impact of the affiliation type
we defined dAcademia; dummy variable indicating whether the researcher is affiliated with academic or non-academic
environments. The variable assumes a value of one if a given researcher is affiliated with academia and zero otherwise.
This may help to identify which collaboration network roles are more likely to be acquired by industrial and which by
academic researchers. We also defined another dummy variable dProvince; representing Canadian provinces to distinguish
the location and geographical impact in possessing various network roles. For example, Quebecers are expected to have on
average higher clustering coefficient and to collaborate in more knit groups due to the language factor. To compare the impact
of different NSERC funding programs another dummy variable was defined (dFundProgram;). For this purpose, five general
classes of NSERC funding programs were considered, i.e. discovery grants program, strategic projects, collaborative grants,
tools and industrial programs and their impact was assessed on the examined network positions. Discovery grants program
was previously named as research grants program and is allocated to general long term research activities of the Canadian
researchers instead of individual research projects. Since most of the Canadian researchers are being funded by this program,
it was considered as the omitted variable. NSERC tool grants support the purchasing of research tools and instruments while
industrial programs focus on industrial projects and collaboration. This analysis helps to detect programs that have had more
influence on researchers’ various network positions. We expect more targeted and high priority programs (e.g. strategic
projects) to have higher impact on central positions as they can bring some strategic advantages to the researcher. In the
next section, the estimation method is presented.

3.4. Method

We used simultaneous multiple regression (Ordinary Least Squares (OLS) method) to estimate both models. In simulta-
neous approach all the independent variables are treated simultaneously and none of them is considered to be prior to any
other ones. As the first stage, a primary list of exploratory variables was prepared including all the candidates of different
types. The listed independent variables and the meaningful combinations were added to the model and the results were
checked to obtain the final list of independent variables (introduced in the previous section) for which the method produced
the most significant and robust results and the OLS assumptions were satisfied. This included the checks for the normality of
the residuals, controlling for homoscedasticity of errors to ensure the homogeneity of variance of the residuals and existence
of multicollinearity among the independent variables. To test the severity of multicollinearity, we did the variance inflation
factor (VIF) diagnostic test. According to the test results, non-existence of simultaneity which is an important source of
endogeneity was guaranteed. To check the linearity assumption, we plotted each of the independent variables against the
standardized residuals to make sure that there was no clear sign of nonlinearity, thus assuring that the plots were just a
random distribution of points. The correlations among the variables were also considered in selecting the final variables.

In addition, we log-transformed the variables for which their distribution was not normal. We also checked for bivariate
scatterplot of the exploratory variables of interest to decide if it is needed to add a non-linear component. This yielded to
the inclusion of the square term of the careerAge variable in some of the models that enabled us to see the curvature of the
relationship. A high VIF was just observed between careegAge and careerAge? variables which was expected but not of anissue
since they are not really two different variables. We also included the interaction variable of degree centrality and career
age in Model 2 as we expected a lower number of direct collaborators after a certain age. Finally, we tested the models for
the robustness and consistency of the results. In addition, we did bootstrap re-sampling to verify the stability of the models
by bootstrapping the standard errors of the parameter estimates by performing 50 replications. The intensive preprocessing
stages that were explained earlier helped us to collect an accurate and complete data. This clean large dataset, the inclusion
of several independent variables of various types along with the intensive tests contributed to obtain satisfactory models.

4. Results
4.1. Descriptive analysis

Before turning to the regression models, we first analyze the overall trends of the dependent variables as well as funding,
as the main determinant influencing factor of scientific activities (Martin, 2003). Fig. 3 presents the average amount of NSERC
funding per researcher during the examined time interval. As it can be seen average funding received per researcher has
been following an increasing trend while after 2003 (solid vertical line in Fig. 3) the slope has become steeper indicating a
considerable increase in the average amount of NSERC funding. In addition, during the first five years of the examined time
interval (dashed vertical line in Fig. 3) we see a steadier trend of average funding in comparison with the other periods. We
will use the vertical lines of average funding in the rest of the figures of this section to assess the impact of funding easier. In
addition, in the rest of the paper funding period I, II, and Il will refer to the periods of 1996-2000, 2000-2003, and 2003-2010
respectively.

Researchers publish their results in books or journal articles or present them at scientific conferences in order to preserve
priority for their discoveries and raise their scientific reputation. Although most of the articles were single authored till 1920s
(Greene, 2007), today in most of the academic disciplines (except humanities) researchers prefer multi-authorship model
due to the nature of the big science that requires collaboration and expertise of many individuals (De Solla Price, 1986).
Number of authors per paper has been considered as a proxy for scientific collaboration in several studies (e.g. Newman,
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Fig. 4. Average number of authors per article.

2004; Rosenzweig et al., 2008). Fig. 4 presents the average number of authors per paper for the NSERC funded researchers.
The vertical lines show different periods of average funding that were discussed earlier. According to Fig. 4, as the amount
of average funding increases the average number of authors per articles also augments. In other words, it seems funding
can be regarded as one of the influencing factors on the researchers’ team size as higher amount of funding might enable
researchers to form larger scientific teams aiming to increase their productivity. This is quite reasonable since apart from
the higher complexity of science the competition among scientists to get access to better resources has also increased, hence
the average number of authors per paper is augmenting (Powers, 1988).

Trends of the network structure variables are represented in Fig. 5. As it can be seen, clustering coefficient of the co-
authorship networks is steady during the whole time interval. Except some minor jumps, the overall average trend of
degree centrality is also almost steady. However, a considerable decline in degree centrality is observed during the years
of the funding period 1. Although the trend of betweenness centrality is steady during the funding period I, it drastically
increases within the funding period Il maintaining its level in funding period IIl despite some fluctuations. Hence, according
to Figs. 3-5 it seems that at the aggregate level there is a positive relation between funding and collaboration measured by
average number of authors per article. However, nothing can be said about the network structure variables. Hence, in order
to assess the effects more accurately we turn to the regression analysis to investigate the impact of the influencing factors
on collaboration at the individual level.

4.2. Statistical analysis

As discussed in Section 3.2, we have two types of dependent variables, one is the more common type of collaboration
indicator measured by the average number of authors per paper, and the other one is based on the network structure
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We did not include closeness centrality in the figure as it is calculated in the largest component while the other network measures are calculated for the
whole network.

variables. In this section, the regression results are presented and discussed for both types of the dependent variables. The
correlation matrices for all the regression models are presented in Appendix A.

4.2.1. Average number of authors per paper (Model 1)

We analyzed the impact of the influencing factors on the scientific team size of the researchers measured by average
number of authors per article at the individual level. The scientific team size was calculated in two ways, one by considering
all the co-authors of a researcher (Model 1-a) and the other one by taking the distinct co-authors into the account (Model
1-b). Distinct team size of a researcher was calculated by counting the distinct number of his/her co-authors divided by
the number of his/her publications. In the overall team size model, the numerator is the overall number of co-authors for
aresearcher. For all the models, we considered all the combinations of the lags for the variables in the model and used the
ones that yielded the most robust results. This is similar to the approach of Schilling and Phelps (2007) and Beaudry and
Allaoui (2012). The regression results are presented in Table 1.

In Model 1-a, as it can be seen the average amount of researcher’s funding in the past three years has a significant
and relatively high positive impact on overall team size of the researcher. This is in accordance with several studies (e.g.
Adams et al., 2005; Gulbrandsen & Smeby, 2005) who found that larger amount of funding will positively affect the scientific
collaboration. As expected, the past productivity of the funded researcher measured by the number of articles over a three-
year time window (noArt3) has also a positive impact on the team size. This may partially highlight the importance of
collaboration in scientific activities in a way that highly productive researchers may benefit from larger scientific teams.
According to the results not only the rate of publications affects the team size, the impact of the works also positively
influences the collaboration (avgCit3 and avglf3). In other words, higher quality papers of the NSERC funded researchers in
the past three-year have a positive relation with their scientific team size in the following year. Hence, the results suggest
that productive researchers with high quality works are more collaborative.

We controlled for the age of the researchers in the regression model and it was observed that the career age of the
funded researchers negatively influences their collaboration. Despite the advantages of collaboration (e.g. better access to
resources, internal referring, etc.), there are some costs (e.g. finding right partners and research coordination) related to
the scientific collaboration (He, Geng, & Campbell-Hunt, 2009). As an example, Cummings and Kiesler (2007) focused on
the effects of the coordination costs on collaboration among U.S. universities and found that coordination failures have a
negative impact on scientific collaboration. Hence, it seems that as the career age of the researchers grows negative impact
of costs of collaboration increases in a way that at a certain level senior researchers may tend not to increase their team size.

Table 1
Regression results, team size models (Model 1).
Model 1-a Model 1-b
Overall team size Distinct team size
In_avgFund3;_; 1.092 (.212)™ .835(.133)™
NnoArt3;_; 207 (.041)™ 047 (.025)
In_avgCit3;_; 1.19(.194)™ 604 (.122)
In_avglf3;_; 4354(317)" 2.461(.197)"
careerAge; —.712(.218)" —435(.137)"
careerAge?; .035(.013)™ .024 (.008)™"

Affiliations dummy variable
Academia
Number of observations

~8.097 (1.126)™
60907

—4.633(.706)"
60907

Notes: Standard errors in parentheses.
Significance levels: * p<0.1, " p<0.05,

" p<0.01.
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Table 2
Regression results, network structure models (Model 2).

Model 2-a Model 2-b Model 2-c Model 2-d

Betweenness Clustering Eigenvector Closeness

centrality (bc?;) coefficient (cc;) centrality (ec?;) Centrality (cl;)
In_avgFund3;_; 436 (.066)"" —.007 (.002)™" —-.397(.079)™ 169 (.027)"
noArt3; 4 469 (.011)™ —.013 (.0004)™ .048 (.013)™ .022(.003)"
In_avgCit3; 4 939 (.061)™ .029 (.002)™ 186 (.074)" —.073(.026)"
In_avglf3; 4 —.288(.103)™ .013(.003)™ .061 (.124) 475 (.044)"
dct; .01 (.002)™" .001 (.0001)™ .307 (.005)™" .026 (.0005)™"
careerAge; —.033(.017) —.012(.002)™ .019(.02) —.419(.026)™
careerAge?; .001 (.0001)™ 024 (.024)™
Interaction variable
dc*; x careerAge; —.00004 (.00002)™ —.002 (.0006) ™"
Affiliations dummy variable
Academia —.043 (.399) —.129(.014)™ 1.184 (.483)" 06 (.144)
Provinces dummy variables
Quebec .035(.005)™" .145 (.059)"
British Columbia .006 (.006) 197 (.069)™
Alberta —.017 (.006)™" 239(.072)"
Saskatchewan .015(.011) 261 (.121)"
New Brunswick —.022(.014) 118 (.17)
Manitoba .006 (.011) .275(.138)
Newfoundland —.001 (.015) 169 (.19)
Prince Edward .047 (.035) —.169 (.52)
Nova Scotia .018 (.01) 155 (.116)
Funding programs dummy variables
Strategic .031(.008)™" .076 (.085)
Tools 041 (.011)™ 759 (.126)"
Collaborative .038(.008)™" .068 (.086)
Industrial —.01(.013) —.293 (.134)"
Number of observations 38,974 38,974 38,974 15,046

Notes: Standard errors in parentheses.
Significance levels: " p<0.1, " p<0.05, " p<0.01.

We also added a quadratic term of the career age (careerAge?) to see the curvature of the relationship and realized that the
curve of the career age is convex, i.e. a sharp increase in team size becomes steady after a certain age. To assess the impact
of the type of the affiliation of the researcher on collaboration, the institution type dummy variable (dAcademia) that takes
value 1 if the funded researcher belongs to the academic environment and 0 if his affiliation is non-academic was also added
to Model 1-a. As it can be seen, academic researchers are significantly different from the non-academic ones and they work
in smaller scientific teams in comparison with their non-academic counterparts.

We did the same analysis on the distinct average team size of the funded researchers (Model 1-b). According to the results
the signs of the influencing factors are the same as the ones for Model 1-a but the coefficients are smaller indicating a lower
intensity of the considered factors. Hence, in general the discussion presented for Model 1-a is also valid for Model 1-b. As
it can be seen in Table 1, interestingly the impact factor has the largest coefficient in the both models followed by citation
counts in Model 1-a. This highlights the importance of collaborative activities in producing publications of higher quality.
Although we expected funding to be the most influencing factor, it came after the publications’ quality proxies. According
to the results, career age and rate of past publications were found to be the least influencing factors in the both models.

4.2.2. Network structure variables

In this section, the impact of influencing factors on the network structure variables is assessed. Betweenness centrality
(Model 2-a), clustering coefficient (Model 2-b), eigenvector centrality (Model 2-c) and closeness centrality (Model 2-d) are
considered as the dependent variables. The multiple regression analysis is done at the individual level of the researchers.
Regression results are presented in Table 2.

According to the results for Model 2-a, the rate and quality (measured by the average number of citations) of the
researchers’ papers in the past three years have the highest positive impact on their betweenness centrality in the following
year. Hence, it can be said that a researcher with a high number of articles that are on average of high quality possesses a
more central position in the co-authorship network, acting as an influential intermediary in knowledge diffusion and the
formation of scientific collaboration. In addition, as it was expected the average amount of funding received in the past three
years has also a positive impact on the centrality of the funded researcher in a way that more funded researchers would be
more probable candidates for the central positions of the network. This finding is partially supported by the small positive
impact of the direct number of partners of the researchers measured by their degree centrality (dc), since higher amounts of
funding may enable researchers to expand their scientific activities that might result in more central positions. Surprisingly,
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a negative relation is found between the average impact factor of the journals in which the researchers have published their
articles (avglf3) and the betweenness centrality. It seems that the average number of citations is a better proxy for evaluating
the quality of the works in the co-authorship network of the NSERC funded researchers. According to the results publishing
in higher quality journals will not necessarily lead the researcher to a more influential gatekeeper position. Career age of the
researchers has also a negative impact on their betweenness centrality in our examined co-authorship network indicating
that as time passes from the date of the first publication of a researcher, betweenness centrality declines. This might be
due to the creation of new knowledge brokers in the network. In other words, as the time passes other younger prolific
researchers also become more central through getting access to the pools of knowledge in diverse clusters and communi-
ties. This might lead to the creation of new knowledge brokers which might decay the role of old brokers. In addition, the
affiliation of researchers does not differently affect their central positions and there is no correlation between the type of
the affiliation of the researchers and their betweenness centrality. We did the same analysis for the impact of the location
of the researchers categorized by different Canadian provinces and found no impact of location on betweenness centrality
of researchers.

The next dependent network structure variable was the clustering coefficient (cc) of researchers at the individual level
(Model 2-b). Clustering coefficient of a researcher in the network indicates the likelihood that two researchers (authors
in co-authorship networks) who are connected to a specific third scientist are also connected to one another, forming a
clique together, i.e. a subset of the nodes of a graph (network) in a way that every two nodes are connected by an edge. In
other words, clustering coefficient of a node in a network indicates the ratio of the number of triangles that passes through
that node over the maximum number of possible triangles around that node. Hence, clustering coefficient is zero for the
nodes with less than two neighbors. According to the results, funding has a very small negative impact on the clustering
coefficient of researchers. It can be said that researchers may use the allocated funding to find more new partners rather
than making connections among their previous partners to form a triangle. Hence, it seems that more funding will result
more in linear expansion of the team size of the researchers. In addition, it is observed that past productivity measured by
the number of articles in the previous years has also a negative impact on the clustering coefficient. One reason could be
that researchers that are highly productive may have less time to organize and expand the internal connections among their
directly connected partners (nodes). Both of the proxies for the quality of the papers (avgCit3 and avglf3) have a positive
impact on the clustering coefficient of the researcher where citation counts measure has the largest coefficient. The nature
of the science has become more inter-disciplinary that needs more involvement of researchers from different backgrounds.
Hence, it seems that the production of higher quality papers requires more internal communities around a researcher (node)
in the form of triangles that could be formed by the involvement of researchers from different disciplines. This might lead
to higher clustering coefficient of the researcher. Since the impact of the degree of the node (dc) on the clustering coefficient
is positive it can be said that in the local network of the researchers with more directly connected partners forming more
triangles is more probable that will result in higher clustering coefficient. We added the quadratic form of the career age
(careerAge?) in order to see the curvature of the relationship between the career age of researchers and their clustering
coefficient. According to the results, although at first the impact of the career age is negative, approximately after 17 years
from the first publication of a researcher the overall impact of the career age becomes positive and the clustering coefficient
starts to increase. Hence, the curve of the career age is convex with the minimum around the age of 17. Therefore, it can
be said that in general mid-career scientists have higher clustering coefficient, which is quite expected since on average
they benefit from better established co-authorship and collaboration networks. Since a negative effect is observed for the
interaction variable of the career age and degree of a node (dc x careerAge), it can be said that there is a balance between the
number of direct partners of a researcher and his/her age. In other words, although it was found that mid-career scientists
are on average more cliquish, if they have too many direct partners it may affect their cliquishness negatively. In general,
the estimated coefficients are small in comparison with other models indicating the lower influence of the factors on clus-
tering coefficient. The analysis of the institution type dummy variable reveals that academic researchers are significantly
different from the non-academic ones and have on average around 13% (—.129) less cliquishness in comparison with the
non-academic researchers. We considered Ontario as the omitted dummy variable in the analysis of the Canadian provinces.
According to the results, researchers who are located in Quebec, Nova Scotia, and Alberta are significantly different from
the ones who reside in Ontario. However, the coefficient is positive only for Quebec and Nova Scotia, which may indicate
higher clustering coefficient of the researchers located in the mentioned provinces. As explained before, we defined dummy
variables for the most frequent NSERC funding programs, namely discovery grants, strategic projects, industrial funding,
collaborative grants, and tools and equipment grants. The dummy variable of the discovery grants was omitted. According
to the results, it can be seen that the effects of strategic, tools, and collaborative funding programs are significantly and
positively different from the discovery grants program (the omitted variable). These findings were expected specifically
for the strategic project grants which have the highest coefficient among the mentioned programs. Based on the defini-
tion of the strategic project funding programs, the aim is to improve the scientific development in selected high-priority
areas that influence Canada’s economic and societal position. Hence, these well-defined targeted grants should be allocated
to specific reputable researchers who might possess more central positions in the network according to the regression
analysis.

According to the results of Model 2-c, funding (avgFund3) has surprisingly a negative impact on eigenvector centrality.
Hence, it seems that higher funding may reduce the leadership role, possibly by involving the highly funded researchers
in other scientific activities like defining new projects, finding new partners, etc. It can be seen that the average journal
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impact factor and the career age of the researchers do not have a significant impact on researchers’ eigenvector centrality.
However, past productivity of the researchers in terms of both quantity (noArt3) and quality (avgCit3) of the papers has
a positive impact. The reason could be that being more productive may increase the chance of meeting/cooperating with
other reputable productive researchers who possess central positions in the network. The degree centrality of a node, as a
measure of the direct number of partners of a scientist, has also a relatively large positive effect on eigenvector centrality. It
was quite expected since researchers with high eigenvector centrality should have high number of connections from which
most of the connections would be high-profile central scientists. However, researchers who have high eigenvector centrality
(named as leaders) do not necessarily occupy positions with high betweenness centrality (acting as gatekeepers) or even high
closeness centrality (acting as local influencers). But, they are highly connected with mainly high profile individuals within
highly interconnected clusters. Interestingly, the interaction of degree and career age of the researchers shows a negative
effect on eigenvector centrality. This might indicate that as the career age of the researchers grows, higher number of direct
connections may affect their leadership role negatively. Of course, there should exist a balance between age, degree, and
eigenvector centrality. The analysis of the institution type dummy variable (dAcademia) reveals that academic researchers
are significantly different from their industrial counterparts. The positive coefficient of the dummy variable indicates that
academic researchers are more likely to have higher eigenvector centrality (to act as leaders) in the co-authorship networks
rather than the non-academic scientists. In addition, the large coefficient of the institution type dummy variable highlights
the more important role of affiliation in having higher eigenvector centrality in comparison with other selected network
variables.

Finally, we discuss the impact of influencing factors on closeness centrality of researchers (Model 2-d). According to
the results, average funding (avgFund3) positively affects closeness centrality of the researchers. Hence, it can be said that
more funding may enable researchers with high closeness centrality (who are important influencers within their local
network) to increase their penetration and prestige. Although a small positive effect was observed for the rate of publication
(noArt3) on the closeness centrality, the relation between the quality of the papers and closeness centrality is not very clear,
since the citation based proxy (avgCit3) shows a negative impact while the journal impact factor based measure (avglf3)
presents a larger positive effect. Hence, it seems that local influencers do not necessarily publish high quality works. As it
was expected, the direct number of partners of the researchers, measured by degree centrality (dc), has a significant large
positive impact on closeness centrality since local influencers may benefit from larger team sizes and higher number of
connections to empower their penetration within their local community. The quadratic term of the career age (careerAge?)
was also added to the model to investigate the curvature of the relationship. Based on the results, the impact of the career
age on closeness centrality of the researchers is negative at first. However, approximately after 18 years the overall impact
of the career age becomes positive. Therefore, the curve of the career age in the closeness centrality model is convex with the
maximum around the age of 18. Hence, it seems that mid-career scientists are more likely to have higher influence within
their local community. As it can be seen academic and non-academic researchers (measured by dAcademia) do not have
significantly different impact on the closeness centrality. Hence, it is equally likely that local influencers come from industry
or academic environments. In addition, researchers who are located in Quebec, British Columbia, Alberta, Saskatchewan,
and Manitoba are significantly different from the ones who reside in Ontario. The coefficient is positive for all the mentioned
provinces indicating higher closeness centrality of the researchers located in the mentioned provinces in comparison with
their counterparts in Ontario. The coefficient was the highest for the researchers who reside in Manitoba. The analysis of
different NSERC funding programs shows that the effect is only different for tools and industrial funding programs, with
positive and negative coefficients respectively.

5. Conclusion

In this paper we investigated the impact of funding and other influencing factors like past productivity, number of direct
scientific partners, and career age of the researchers on their positions and roles within the co-authorship networks. We
employed social network analysis and statistical approaches to assess the impact of the mentioned factors on the network
structure variables. We did the analysis both for the common indicators of scientific collaboration that are based on the
number of authors per paper and for the network structure variables. To our knowledge this is the first study that considers
the network structure measures as dependent variables and analyzes various factors which affect them at the individual
level.

Analyzing the impact of the influencing factors on the traditional collaboration and scientific team size indicators revealed
that funding plays a significant positive role in motivating researchers to collaborate more. This finding is in line with
several studies, e.g. Adams et al. (2005) and Gulbrandsen and Smeby (2005). In addition, it was observed that highly pro-
lific researchers who are producing high quality papers have on average larger scientific teams. This partially confirms
the importance of collaboration in scientific activities. Analyzing the career age of the researchers showed that it nega-
tively influences their collaboration, which might be partially due to difficulties in managing the costs of collaboration
(e.g. finding right partners and research coordination). Another reason can be higher motivation of young researchers
to find new partners and get involved in new projects in order to improve their academic position and secure more
funding.

In the second part of the analysis the impact on the network structure variables was investigated. Researchers with
high betweenness centrality (gatekeepers) are often critical to scientific collaboration and knowledge diffusion as they
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can control the flow of information and collaboration. Our results suggest that the past productivity of the researchers
in terms of both quantity and quality of the publications along with the average amount of funding available are crucial
factors in achieving higher betweenness centrality. Analyzing the impact of degree centrality as a measure of the num-
ber of direct partners of a researcher on the betweenness centrality revealed that in the examined co-authorship network
higher number of direct connections empowers the role of gatekeepers. Surprisingly, a negative impact of the career age
of the researchers on their betweenness centrality was observed. This might indicate the considerable role of young gate-
keepers in connecting different scientific communities (clusters) and knowledge diffusion in the examined collaboration
network.

Researchers with high clustering coefficient (cliquishness) are the ones who prefer to collaborate in knit groups. Accord-
ing to the results, funding has a negative impact on knit group collaboration. This might indicate the linear use of funding
resources by researchers in the examined network leads to the expansion of their direct partners rather than empowering
their internal teams through formation of triangles among researchers. Interestingly, a negative impact of the rate of pub-
lication on the cliquishness was observed, while the impact of the quality of the papers was positive. This might partially
highlight the role of interdisciplinary research in a way that higher quality publications cause the formation of more triangles
among the researchers. On the other hand, knit group collaborators may form internal scientific communities (teams) in
order to increase the quality of their work though e.g. having reviewed their works by several experts (internal referring).
Analyzing the effect of career age revealed that approximately after 17 years from the date of researchers’ first publication,
the overall impact of the career age on the clustering coefficient becomes positive. Hence, in general, mid-career scientists
tend to work in denser local scientific communities (higher clustering coefficient) which is quite expected since on average
they benefit from better established co-authorship and collaboration networks. However, although they engage more in a
dense local collaboration, the number of their direct connections will be affected by their career age in a way that if they
continue to increase the number of their direct partners their influence on their local community decreases after several
years.

Analyzing the eigenvector centrality has been mostly neglected in the studies that assessed co-authorship networks.
Researchers with high eigenvector centrality can be identified as the leaders among their connections since they have
often many connections to reputable highly central researchers. Therefore, they can play an important role in forming
scientific collaboration teams or in defining new projects and setting priorities in the projects. Surprisingly, a nega-
tive impact of funding on the eigenvector centrality was observed. This might indicate that higher funding may reduce
the leadership role, possibly by involving the highly funded researcher in other scientific activities like defining new
projects, finding new partners, etc. Moreover, past productivity of the researchers in terms of both quantity and quality
of the papers has a positive impact on their leadership role that is quite expected. One reason could be that being more
productive may increases the chance of meeting/cooperating with other reputable productive researchers who possess
central positions in the network. This finding was also confirmed by the positive impact of the degree centrality on
the eigenvector centrality since higher number of direct connections increases the probability of meeting/cooperating
with high-profile central scientists that will result in higher eigenvector centrality. However, since the interaction of
degree and career age of the researchers presents a negative effect on eigenvector centrality it might be suggested
that as the career age of the researchers grows, higher number of direct connections may affect their leadership role
negatively.

Finally, we assessed the impact of the influencing factors on the closeness centrality of the researchers in the largest
connected components of the co-authorship networks and at the individual level. Researchers with high closeness centrality
are identified as important local influencers within their local collaboration network or community. Although they might not
be important actors in the entire network, they are highly respected locally as they are on the local short paths of knowledge
diffusion. Our results showed a positive impact of funding on the closeness centrality suggesting that local influencers may
use more funding to increase their penetration and prestige within their local community. Analyzing the impact of past
productivity revealed that local influencers are not necessarily highly prolific scientists, especially in terms of the quality of
their publications. However, number of direct connections plays an important role in a way that local influencers can use it
to empower their penetration within their local community. Analyzing the impact of the career age showed that the overall
career age impact becomes positive after 18 years hence it seems that mid-career scientists are more likely to have higher
influence within their local community.

According to the results, some implications in terms of public policy can be made. First, collaboration networks are
evolving all the time. In addition, nature of the science is also becoming more inter-disciplinary, thus in order to facilitate
the formation of efficient and effective dynamic collaboration networks the most important (influential) researchers are
expected to be the most central ones. It is specifically important for the ones who perform the leadership role. Hence,
it can be suggested to support the central scientists to foster the scientific collaboration as such researchers are vital
for facilitating the flow of knowledge and information. In addition, they can play an important role in connecting other
researchers/communities thus making a tighter collaborative environment. This will also help researchers who are con-
nected to highly central researchers to have on average a better access to the expertise and financial resources. And, it is also
expected that prolific highly influential experienced researchers better manage the collaboration costs, hence supporting
them might result in a more efficient network. Second recommendation is related to the role of young researchers in knowl-
edge transfer and flow control who were found to play an important role in connecting different scientific communities
and in knowledge diffusion through their collaboration network. Moreover, it seems that the allocation of funding is now
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biased toward the senior researchers that helps them to occupy more central positions. These results thus support an estab-
lishment of a policy which would encourage young researchers to take gatekeeper roles, for example by providing them
with increased financial resources. In addition, as it was observed the rate of collaboration decreases with the career age.
Therefore, supporting young prolific researchers can not only foster the scientific collaboration, but it can also deliver new
reliable leaders for future. Last but not least, as it was observed less productive industrial researchers prefer to work in knit
groups. Hence, it would be suggested to encourage academia-industry collaboration more by involving highly productive
academic researchers in industrial projects.

6. Limitations and future work

We were exposed to some limitations in this paper. First, we selected SCOPUS for gathering information about the NSERC
funded researchers’ articles. Since SCOPUS and other similar databases are English biased, hence, non-English articles are
underrepresented (Okubo, 1997). Second, since SCOPUS data was less complete before 1996, we chose the time interval
of 1996 to 2010 for our analysis. Another inevitable limitation about the data was the spelling errors and missing values.
Although SCOPUS is confirmed in the literature to have a good coverage of articles, as a future work it would be recommended
to focus on other similar databases to compare and confirm the results.

We measured closeness centrality in the largest component of the co-authorship networks since based on the classic
definition of the closeness centrality it can be defined in connected graphs or sub-graphs. Some other approaches for calcu-
lating the closeness centrality in disconnected graphs have been proposed in the literature (e.g. Latora & Marchiori, 2001;
Dangalchev, 2006). However, there are still doubts about such new approaches to be counted as extensions of the closeness
centrality (Yang & Zhuhadar, 2011). Future works can address this issue by considering the new approaches and comparing
the results with the ones of the classic method of calculation of closeness centrality.

Appendix A. Correlation matrices

See Tables A1-A6

Table A1
Correlation matrix, overall team size model.
Variable teamSize; In_avgFund3;_4 NnoArt3;_4 In_avgCit3;_1 In_avglf3;_4 careerAge;
teamSize; 1.0000
In_avgFund3; .0341 1.0000
noArt3; 4 .0314 4229 1.0000
In_avgCit3; 4 .0552 1207 .0742 1.0000
In_avglf3;_1 0764 .1081 .0481 4014 1.0000
careerAge; .0039 .3201 2940 .2047 .0228 1.0000
Table A2
Correlation matrix, distinct team size model.
Variable teamSizeDis; In_avgFund3;_, noArt3;_4 In_avgCit3;_4 In_avglf3;_4 careerAge;
teamSizeDis; 1.0000
In_avgFund3;_4 .0338 1.0000
noArt3; 4 .0199 4229 1.0000
In_avgCit3;_; .0481 1207 .0742 1.0000
In_avglf3; 4 .0683 .1081 .0481 4014 1.0000
careerAge; .0056 .3201 .2940 2047 .0228 1.0000
Table A3
Correlation matrix, betweenness (bc) model.
Variable bc; In_avgFund3;_4 noArt3;_1 In_avgCit3;_4 In_avglf3;_4 dc; careerAge;
bc; 1.0000
In_avgFund3; 1467 1.0000
noArt3;_1 2559 4403 1.0000
In_avgCit3; 4 1031 1206 .0899 1.0000
In_avglf3; 1 .0386 1197 .0547 4037 1.0000
de; .0394 .0459 .0522 .0586 1114 1.0000

careerAge; .0930 .3406 .3062 2361 .0251 —.0193 1.0000
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Table A4
Correlation matrix, clustering coefficient (cc) model.
Variable cci In_avgFund3;_ noArt3;_4 In_avgCit3;_1 In_avglf3; 1 dc'10%; careerAge;
cci 1.0000
In_avgFund3; —.0982 1.0000
NnoArt3;_4 —.2018 4403 1.0000
In_avgCit3; 4 .0746 1206 .0899 1.0000
In_avglf3; 1 .0496 1197 .0547 4037 1.0000
dc x 10%; .0571 .0459 .0522 .0586 1114 1.0000
careerAge; —.0686 .3406 .3062 2361 .0251 —.0193 1.0000
Table A5
Correlation matrix, eigenvector centrality (ec) model.
Variable ec; In_avgFund3;_, noArt3(;_q In_avgCit3(;_4 In_avglf3(;_1 dc; careerAge;
ec; 1.0000
In_avgFund3(;_4 .0088 1.0000
noArt3(i_1 .0353 4403 1.0000
In_avgCit3(;_4 .0412 1206 .0899 1.0000
In_avglf3(i_4 0604 1197 0547 4037 1.0000
dc; 4916 .0459 .0522 .0586 1114 1.0000
careerAge; —.0059 .3406 .3062 2361 .0251 —.0193 1.0000
Table A6
Correlation matrix, closeness centrality (cl) model.
Variable cl; In_avgFund3;_, noArt3;_q In_avgCit3; _4 In_avglf3;_4 dc x 10?; careerAge;
cly 1.0000
In_avgFund3;_4 .0821 1.0000
noArt3; 4 .0806 4656 1.0000
In_avgCit3; 4 .0490 .0936 .0873 1.0000
In_avglf3; 4 1574 1013 0501 4421 1.0000
dec x 10%; 3845 .0329 .0318 .0496 1619 1.0000
careerAge; —.144 .3808 3175 .0768 —.0285 —.0493 1.0000
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