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Abstract

An increase in cross-disciplinary, collaborative team science initiatives over the last few decades
has spurred interest by multiple stakeholder groups in empirical research on scientific teams,
giving rise to an emergent field referred to as the science of team science (SciTS). This study
employed a collaborative team science concept-mapping evaluation methodology to develop a
comprehensive research agenda for the SciTS field. Its integrative mixed-methods approach
combined group process with statistical analysis to derive a conceptual framework that identifies
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research areas of team science and their relative importance to the emerging SciTS field. The
findings from this concept-mapping project constitute a lever for moving SciTS forward at
theoretical, empirical, and translational levels.

During the past decades, expanding investments in team science have resulted in greater
interest in research across scientific disciplines and knowledge domains to address complex
environmental, social, and health problems. These developments have been propelled by
researchers’ increasing commitment and scientific capacity to address complex societal
problems (Disis and Slattery, 2010; Wuchty et a/, 2007). Science teams are formed to
address:

the inherent complexity of contemporary public health, environmental, political,
and policy challenges ... and the realization that an integration of multiple
disciplinary perspectives is required to better understand and ameliorate these
problems. (Stokols et af, 2008b).

Working in teams increases the likelihood that scientists can integrate multiple and
divergent perspectives and, as a result, develop new insights and solutions (Hackman, 1990,
2011). The problems they address require not just a mingling of disciplines, but a cross-
disciplinary team able to collaborate in such a way that their efforts are coordinated and
integrated (Fiore, 2008; NAS, 2004). Although it is possible for team science to be
unidisciplinary, team science most often connotes cross-disciplinarity (multi-, inter-, and
trans-disciplinarity), a composite term for team science programs and projects that differ in
the degree to which they interact and integrate across disciplinary, professional, and
institutional boundaries (Crowley et a/, 2010; Fiore, 2008; Klein, 2010; Rosenfield, 1992;
Stokols et al, 2008a; Wagner et af, 2011).

Despite this growth in collaborative research, the scientific community continually struggles
with overcoming the challenges arising from this complex form of teamwork (Cummings
and Kiesler, 2005, 2007, 2008; Olson and Olson, 2000). As such, science policy must be
developed to help address the theoretical and practical challenges emerging from this form
of collaborative endeavor. Further, scientific, social scientific, philosophical, and humanistic
research is needed to help understand the team processes that drive knowledge production in
such teams; that is, help examine how new knowledge is generated in collaborating teams of
scientists. This need has given rise to an empirical area of inquiry referred to as the science
of team science — SciTS, pronounced ‘sights’ (Annual International Science of Team
Science Conference Homepage, 2010; Borner et al, 2010; Falk-Krzesinski et a/, 2010a,b;
Stokols et al, 2008a). This field promotes understanding of cross-disciplinary research
conducted by scientific teams by examining the processes through which teams organize,
communicate, and conduct research. SciTS also helps to understand how teams collaborate
to achieve scientific breakthroughs that would not be attainable through either individual
efforts or a sequence of additive contributions.

SciTS is a topic of growing interest, as evidenced by a tremendous increase in publications
about the topic since 2001 (Borner et a/, 2010; Falk-Krzesinski, 2010). The growing SciTS
literature provides numerous case studies of team science programs and projects (Adler and
Stewart, 2010; Department of Energy, 2009; Huerta et a/, 2005; Kahn, 1992; Miller, 2008;
NIH, 2010; NSF, 2008). This literature also includes lessons about social and cognitive
influences, as well as strategies and guidelines for achieving effective collaboration (Bennett
et al, 2010; Fuqua et al, 2004; Hall et a/, 2008a,b; Keyton et a/, 2008; Stipelman et a/, 2010;
Stokols, 2006; Stokols et a/, 2008b). In addition, researchers have begun to examine the
dynamics of knowledge integration in collaborative research and problem-solving by teams
(Derry et al, 2005; Hirsch Hadorn, 2008; Jordan, 2006; Paletz and Schunn, 2010).
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However, despite forward momentum, definitions of core terminology and typologies of
practice and theory related to SciTS too often remain impressionistic or parochial; areas of
inquiry remain somewhat disconnected; and methodological approaches have been limited.
So that the scientific community can more strategically understand and improve
collaborative science, more research is needed to validate claims for team science; though a
systematic understanding of what SciTS research entails is also crucial at this early point in
the emergence of the field (Borner et a/, 2010; Falk-Krzesinski et a/, 2010a; Fiore, 2008).

We describe here an effort that was initiated to address this need. The goal was to produce a
comprehensive, discipline-neutral taxonomy of team science issues. In so doing, we aimed
to develop a SciTS research agenda and encourage more systematic, rigorous investigation
of team science. We achieved this taxonomy by applying concept-mapping methodology,
which elicits diverse, open contributions from multiple stakeholders, followed by
quantitative and qualitative categorization of results. Here we describe the methodology and
results of the mapping of the SciTS field, and discuss implications for advancing research
and practice in team science.

Concept-mapping: the methodology

Methods

Concept-mapping has long been used as a method for knowledge elicitation and evaluation.
The concept-mapping process enables a group to describe its ideas on any topic of interest
(Trochim, 1989) and represent those ideas visually in the form of a map. For example,
concept-mapping has been effectively applied in medicine and public health (Trochim et a/,
2006a; Trochim and Kane, 2005) in order to develop logic models for the evaluation of large
research projects (Anderson et a/, 2006).

The process typically requires participants to brainstorm a large set of statements relevant to
the topic of interest. Individual participants then sort these statements into groups of similar
ones, rate each statement on one or more scales and, subsequently, interpret the maps that
result from data analyses. The analyses typically include a two-dimensional
multidimensional scaling (MDS) of the unstructured sorted data, a hierarchical cluster
analysis of the MDS coordinates, and computation of average importance ratings for each
statement and cluster of statements. The resulting maps display the individual statements in
two-dimensional (x,y) space with more similar statements located nearer each other. The
visualizations also depict how the statements are grouped into clusters that partition the
space on the map. Finally, participants are led through a structured interpretation session
designed to help them understand the maps and label them in a substantively meaningful
way.

Concept-mapping the science of team science

A critical feature of this project was that a diverse group of stakeholders utilized a
collaborative methodology — concept-mapping — to elicit and map a research agenda for
the SciTS, in effect using a team science approach to map research issues germane to team
science. Concept-mapping has been used in a variety of biomedical (Leischow et a/, 2008;
Robinson and Trochim, 2007; Stillman ef a/, 2008; Trochim and Kane, 2005; Trochim et a/,
2006b) and science management contexts (Kagan et a/, 2010; Quinlan et a/, 2008; Trochim
et al, 2008). It is especially appropriate for involving multiple participants in
conceptualizing a complex topic in order to develop a theoretical framework or as a basis for
subsequent planning and evaluation. Concept-mapping thus offered significant benefits for
collaborative knowledge elicitation about SciTS, and the methodology was especially
appropriate for the need to create a taxonomy of issues.
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Concept-mapping

1. Uses web technology that enables low-cost, convenient, asynchronous input from
multiple, dispersed stakeholders;

2. Allows for the input of multiple stakeholders from numerous domains so as to fully
map a problem space;

3. Implements a structured group process that minimizes participant burden and
encourages participation;

4. Applies advanced multivariate statistical analyses to help ensure rigorous, credible
results;

5. Provides graphic output that is interpretable by a wide variety of audiences, in
addition to standard statistical output; and

6. Facilitates development of definitions of closely related concepts (Trochim, 1989).

We set out to create a taxonomy of issues related to SciTS. This task entailed eliciting and
integrating the perspectives of multiple team science stakeholders regarding topics important
for a comprehensive research agenda for SciTS. Further, we sought to assess the relative
importance of addressing these issues. Finally, from this second step, we mapped an initial
conceptual framework for SciTS, which serves to guide the research agenda for SciTS: a
SciTS research roadmap.

Stakeholders

Project leads—This project was facilitated and managed by the Cornell Office for
Research on Evaluation (CORE) located in Ithaca, New York, and the Evaluation Key
Function Committee of the Weill Cornell Clinical and Translational Research Center. Staff
of these organizations served as the facilitator group. The Institutional Review Board-
approved process took place over a period of approximately 18 weeks in the winter and
spring of 2010. The faculty and staff in Research Team Support and Development at the
Northwestern University Clinical and Translational Sciences (NUCATS) Institute were
responsible for developing and maintaining the SciTS stakeholder distribution list (described
below in “Participants”) and managing all project communications to participants.

The co-authors, a team of nine stakeholders, served as the steering committee for this
project. Steering committee members were drawn from the 2010 Annual International
Science of Team Science (SciTS) Conference Program Committee? to reflect disciplinary
diversity with a focus on the empirical study of team science. The steering committee
worked with the facilitator group to finalize the proposed plans for the project, including
defining the project focus, determining participants and how they would be contacted,
setting the project schedule, developing the brainstorming and rating focus prompts, and
deciding how the results would be disseminated and utilized. They maintained responsibility
for project oversight, identified contact information for participants, reviewed and approved
the brainstormed outcomes and reviewed and approved initial results. Then they participated
in a teleconference to interpret the results, gain an understanding of the conceptual
framework, and discuss implications for team science. The total time commitment from
steering committee members was approximately 6 hours/member, spread over the 18-week
project duration.

1co-author William Trochim served as the primary Facilitator throughout the process.
Co-author Cathleen Kane is part of CORE and not a member of the SciTS Conference Program Committee.
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Participants—~Participants were selected to represent the diverse stakeholder groups
relevant to the emerging field of the SciTS, including:

Team science practitioners (predominantly principal investigators leading cross-
disciplinary research centers);

Investigators studying scientific teams;
Team science funders/policy-makers;
Research development professionals; and

Data providers and analytics developers.

Participants were a subset of invited stakeholder attendees at the 2010 Annual International
Science of Team Science (SciTS) Conference, non-attending SciTS conference invitees, as
well as stakeholders recruited through additional email lists, web discussion groups, and
professional groups and organizations.3 Purposeful sampling (Mason, 1996) ensured that the
full heterogeneity of relevant stakeholders was reflected in the mapping of issues.
Participants were divided into two groups that are distinguished by their level of
involvement in the project:

1

An invited group of over 800 stakeholders was asked to be involved in each phase
of the project as key informants. The invited group included: team science
practitioners, team science researchers, team science funders/policy-makers, team
science analytic tool developers, and research development professionals. The list
of stakeholders and their email addresses was compiled by the Research Team
Support and Development faculty and staff at NUCATS over a period of six
months. Stakeholders were identified via authorship of publications related to
SciTS and team research more broadly; attendee lists from SciTS conferences/
meetings/workshops; grant award databases and websites providing information
about principal investigators on research center and related grant awards from the
NIH, NSF, NASA, Departments of Energy and Defense, and numerous
foundations; program officers for the research center and related grant programs;
websites of analytic tool products; and referrals solicited from members of the
SciTS conference program committee. The invited group members were able to
participate by:

«  Contributing their ideas and opinions about SciTS factors through web-
based brainstorming (10-15 minutes); and

«  Conducting a web-based rating of the relative importance of addressing
each factor (15-20 minutes).

The total time commitment from invited group members was approximately 30
minutes/member, spread over two web sessions during the 18-week project.

Respondents, a subset of the invited group, actively participated in the
brainstorming process (described below) used to generate topic statements.
Respondent self-reported demographics demonstrate diversity within the group:

* 54.8% male, 45.2% female;

»  45.2% practitioners of team science, 54.8% researchers studying team
science;

3Interdisciplinary Network for Group Research (INGroup) distribution list; National Organization of Research Development
Professionals (NORDP) listserv; and the Network for Transdisciplinary Research (td-net) distribution list.
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»  Expertise in biomedicine and social sciences (~ 50%); business
administration, engineering/math/computer science, humanities, physical
sciences, and other (~ 50%);

«  Employment sector: academic (~ 65%) and business/private, consulting,
government, and nonprofit (~ 35%);

e 82.2% doctorate or equivalent educational background

3. A core group, a subset of the invited group, consisting of 24 people, participated
fully in issue generation and in organizing and rating activities. Core group
members included all members of the steering committee, the remaining SciTS
program committee members, and many conference presenters. The core group
members participated by:

»  Contributing their ideas and opinions about issues through web-based
brainstorming (10-15 minutes);

«  Conducting a web-based unstructured sort of the synthesized set of factors
(30 minutes-1 hour); and

« Conducting a web-based rating of the relative importance of addressing
each factor (15-20 minutes).

The total time commitment from core group members was approximately 3 hours/
member, spread over the 18-week project.

Generation of SciTS topics—During the generation step, respondents of the invited
group created SciTS topic statements using a web-based, structured brainstorming process
(Coxon, 1999; Osborn, 1948). The focus prompt for brainstorming was the following
completion statement:

One topic that should be part of a comprehensive research agenda for the science of
team science is ...

The focus prompt, developed by the steering committee, was designed to assure that the
brainstormed statements were focused, concise, and grammatically and syntactically similar.

Respondents entered their statements directly into the website and could immediately see
their ideas along with those of the other participants. Web-based brainstorming5 was
anonymous to ensure that participants felt free to enter any issues they considered relevant
and respondents were able to return to the website as often as desired during the
brainstorming period. Respondents generated a total 240 brainstormed SciTS topic
statements from 87 unique IP addresses. While it is not possible to directly ascertain how
many statements each respondent entered, the brainstorming site was monitored by the
primary facilitator and one member of the steering committeeB to assess trends in statement-
entering. That monitoring revealed that statements were entered one at a time or in small
groups of three to five.

The facilitator group used content analysis procedures to edit and synthesize the
brainstormed issues such that they represented, as well as possible, the details in the original
brainstormed set. This analysis involved coding each brainstormed statement with one or
more keywords, sorting them alphabetically by keywords, identifying identical or highly

4 additive for members of the steering committee.

\Web-based services for this project were accomplished using the Concept System Global® software provided exclusively through
Concept Systems Inc., Ithaca, NY.
6Co-author Holly Falk-Krzesinski.
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similar statements, and creating a single statement that could represent multiple similar ones.
The steering committee reviewed, revised, and finalized this synthesis to arrive at the final
set of 95 synthesized statements, representing SciTS issues (statements listed in Table 1). Of
the 95 final statements, 39 (41.1%) were original brainstormed statements taken verbatim,
17 (17.9%) were original statements with only slight modifications in wording either for
clarity or for grammatical consistency with the focus statement, and 39 (41.1%) were
syntheses of two or more similar statements from the original 240 that were brainstormed.

Structuring SciTS topics

In the structuring step, participants provided information about how the synthesized
statements might be grouped and rated for relative importance. As with brainstorming, this
information was collected over the web. The structuring step involved two distinct activities:
rating and sorting the synthesized statements.

1

Rating (invited group): For the rating activity, participants rated each of the 95
synthesized statements on a 5-point Likert-type response scale. Because
participants were unlikely to have submitted statements that are totally unimportant
with respect to the focus, instructions stressed that the rating be considered a
relative judgment of the importance of each item, compared to all the other
synthesized statements. The specific rating was done in response to the prompt:

Please rate each statement for its relative importance to a comprehensive
research agenda in the study and/or practice of team science

where 1 = relatively unimportant, compared with the rest of the statements and 5 =
extremely important, compared with the rest of the statements. Relative importance
ratings were completed by invited group members by way of 62 unique 1P
addresses.

Sorting (core group only): Unstructured sorting, or the pile sort method, was used
because it can accommodate a large number of items (Weller and Romney, 1988).
For the sorting activity, core group members were asked to group the 95
synthesized statements “in a way that makes sense to you’ and to name each group
(Coxon, 1999; Rosenberg and Kim, 1975; Weller and Romney, 1988). The only
restrictions in this sorting task were that there could not be: (a) groups having only
one item; (b) one group consisting of all items; or (c) a ‘miscellaneous’ group. The
web software allowed the participants to create, delete, and name new groups and
to move statements from one group to another. Fifteen core group members
completed the sorting activity.

Concept-mapping data analysis

The concept-mapping analysis’ involved a sequence of steps:

Construction of a square similarity matrix based on the sorting co-occurrences
(Weller and Romney, 1988);

A two-dimensional multidimensional scaling (MDS) (Kruskal and Wish, 1978) of
the similarity matrix; and

Hierarchical cluster analysis (Anderberg, 1973; Everitt, 1980) of the MDS
coordinates using Ward’s algorithm.

Al statistical and graphic analyses were accomplished using the Concept System© Core Program available exclusively through
Concept Systems Inc., Ithaca, NY.
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The MDS configuration is graphed in a two-dimensional ‘point map’ that displays the
location of all the synthesized statements with statements closer to each other generally
expected to be more similar in meaning. A ‘cluster map’ is also generated that displays the
statement points enclosed by polygon-shaped boundaries for the clusters.

The 1-to-5 importance rating data are averaged across responses for each synthesized
statement and each cluster. This rating information is depicted graphically in a *point-rating
map’ showing the original point map with the average rating per item displayed as vertical
columns in the third dimension, and in a “cluster-rating map’ that shows the cluster average
rating using the third dimension.

The following materials were available for use in the concept-map analysis session:
o List of the original 240 brainstormed statements;

»  List of the 95 synthesized statements, representing SciTS topics, grouped by
cluster;

»  Point-rating map showing the MDS placement of the synthesized statements and
their identifying numbers, with average statement ratings overlaid; and

»  Cluster map showing the cluster solution, with average cluster ratings overlaid (see
Figure 1).

Concept-map analysis

For the MDS analysis, the stress value was 0.29252 after 12 iterations. Stress is considered
the primary indicator of ‘goodness of fit’ to the sort data that serves as the input for MDS.
The value obtained here is comparable to the median value of 0.29702 reported in the only
known meta-analysis which synthesized 33 separate concept-mapping studies and
consequently this map appears to be a reasonable fit to the input data given comparable
norms (Trochim, 1993). A two-dimensional point map generated through MDS analysis was
developed and the statements were arranged into seven clusters, as determined by the
hierarchical cluster analysis of the MDS coordinates. The analysis placed statements
frequently sorted together closer to one another on the map than statements sorted together
less frequently. The resultant cluster map appears in Figure 1.

A preliminary analysis of the results was conducted by the steering committee, which
convened by email and teleconference to review and interpret the various analytic products.
These analysis activities follow a previously described structured process (Trochim, 1989).

Prior to the teleconference, each steering committee member was asked to read through the
set of synthesized statements in each cluster and generate a short phrase or word to describe
or label the set of statements as a cluster. The facilitator then led the steering committee in
discussion that worked cluster-by-cluster to achieve group consensus on an acceptable label
for each cluster. Clusters were ultimately labeled (refer to Figure 2):

*  Measurement and evaluation of team science;
e Structure and context for teams;

»  Characteristics and dynamics of teams;

» Management and organization for teams;

» Institutional support and professional development for teams;

Res Eval. Author manuscript; available in PMC 2012 December 04.
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» Disciplinary dynamics and team science; and
»  Definitions and models of team science.

The facilitator reminded the group that, in general, clusters closer together on the map
should be conceptually more similar than clusters farther apart, and asked them to assess
whether this seemed to be true or not. Group members were then asked to identify
interpretable clusters of clusters or ‘regions’. Just as in labeling the clusters, the group
arrived at a consensus label for each of the identified regions. Regions were labeled: nuts
and bolts; the team; meta-issues; and support (refer to Figure 2).

Concept-map rating analysis

The facilitator noted that all of the material presented until this point used only the sorting
data and multivariate map analyses. The results of the rating task were then presented
through point- and cluster-rating reports (Table 1).

The numerical rating of a point or cluster represents the average relative importance rating
for that statement or cluster of statements. It is important to note that the importance ratings
represent relative and not absolute importance. Specifically, even though a cluster may have
the lowest relative rating, the value does not mean the cluster is not important to SciTS; in
fact, all of the clusters were rated over the middle value on the importance ratings.

The average cluster ratings are overlaid onto a combined cluster/region map in Figure 2 to
create the SciTS concept map. Again, steering committee members examined these data to
determine whether they made intuitive sense and to discuss implications given the focus of
this project.

The top 10 synthesized statements by average relative importance rating are listed in Table
2. These statements represent the highest relatively important SciTS issues gleaned from this
concept-mapping study. The clusters rated most important were ‘Measurement and
evaluation of team science’ and ‘Definitions and models of team science’. And five of the
10 top-rated statements reside in the ‘Measurement and evaluation of team science’ cluster.

Given that these data were culled from both researchers engaging in the study of science
teams, as well as researchers engaged in scientific teamwork, the ratings of relative
importance are particularly significant. First, ratings of importance to terminology and
metrics illustrate that this is a young field and the scientific foundation still needs to be
established. But these findings may also serve as a compass, pointing to those areas of SciTS
that will have the most immediate impact on team science once more fully, and more
systematically, understood.

Discussion

A multi-level framework emerges

We have interpreted the resulting concept map of the SciTS field as representing a complex
problem space of interrelated component clusters. The final interpreted map (Figure 2)
suggests a comprehensive and multi-level framework that has broad applicability for helping
to shape future directions of SciTS research and practice. This integrated view allows
researchers from different disciplines to focus their varied lenses within and across clusters
so as to more fully address the clusters’ tightly coupled nature while examining them via
psychological, organizational, and network sciences. The SciTS concept map also provides a
mechanism for evaluating the development and maturing of the team science literature, and
where gaps in team science knowledge exist.
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The multi-dimensional relationships and multi-level issues associated with the clusters and
regions that emerged from the concept-mapping process can be interpreted within a systems
framework. Systems-level thinking is most appropriate for areas of inquiry spanning
multiple problems and multiple disciplines (Borner et a/, 2010; Stokols et a/, 2008b;
Trochim et al, 2006a). Specifically, a systems approach is a general conceptual orientation
concerned with the interrelationships between parts and their relationships to a functioning
whole, often understood within the context of an even greater whole (Churchman, 1984;
Emery, 1969; Von Bertalanffy, 1950).

The micro, meso, and macro levels of analysis, which encompass the issues identified as
salient for advancing the SciTS field (Borner et a/, 2010), warrant a mixed-methods
approach for exploring complex and dynamic multi-level interdependencies consistent with
a systems approach. In particular, a systems approach does not value one method of analysis
over another. Rather, it provides an opportunity for an integration of theory and methods,
each allowing for a differing level of granularity. Macro-level research involves analyses at
population levels and seeks to identify patterns of collaborations that are broad in scope.
This approach could include network types of analyses examining coordination across
disciplinary boundaries (Aboelela et af, 2007; Haines et a/, 2010) or it might include
sociological analyses of fields of knowledge and their integration (Klein, 1996). Meso-level
research examines group dynamics and the social processes driving collaboration within
science teams (Fiore, 2008). Finally, micro-level research focuses on individual researchers
within science teams and, for example, how education and training are related to particular
career paths (Borrego and Newswander, 2010; Klein, 2008; Misra et af, 2010; Mitrany and
Stokols, 2005; Nash, 2008).

Within the SciTS concept map (Figure 2), we can see sets of tightly coupled clusters that are
likely to be largely iterative in their interactions. A systems approach allows consideration
of how these clusters can be studied in isolation and/or collectively, and how they interrelate
across levels.

For example, clusters such as ‘Disciplinary dynamics’ and ‘Characteristics and dynamics of
teams’ should be studied in parallel, and via a micro-meso approach. This approach would
help understand how, for example, cross-disciplinary team research affects — and is
affected by — social-cognitive factors or the particular communication patterns and group
processes emerging during collaboration. Similarly, a research plan can be developed in
support of the varied methodological approaches necessary, or most appropriate, for a given
problem area within a cluster. For example, the ‘Management and organization’ cluster,
while appropriate for macro-and meso-level approaches, would require a blend of
organizational and administrative science methods to examine the input/process/output
factors (Hackman, 1987; McGrath, 1964; Stokols et a/, 2003, 2005; Trochim et a/, 2008)
associated with, for example, varied incentives for cross-disciplinary science teams.

The “Meta-issues’ clusters cross macro and meso levels in that they are associated with both
broader disciplinary issues as well as group- and team-level outcomes. Similarly, the
‘Support’ clusters cross macro and meso levels in that the administrative and technical
factors for team science must act as the collaborative infrastructure both within teams, and
across research units within universities. Finally, the “Team’ clusters require micro—meso—
macro levels of analysis.

What is key to recognize is that linear or sequential process models could not adequately
capture the complexity inherent in SciTS and may even be misleading. Thus, following
views espoused in the health sciences, we favor a systems view, where an interdependent
and iterative set of clusters can be:
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viewed as a coherent whole, while the relationships among the components are also
recognized and seen as critical to the system. (Mabry et a/, 2008)

In addition to highlighting the multi-level interdependencies among the various facets of
team science depicted in the concept map, systems theory also suggests the value of
maximizing the level of congruence or fit (Adamopoulos, 1982; Wicker, 1972) that exists
among the phenomena encompassed by each cluster of the map. For instance, certain team
structures and contexts (e.g. teams involving geographically dispersed vs. co-located team
members) may require different kinds of management strategies (e.g. solo-vs. shared-
leadership arrangements, with the latter being more essential for remote collaborations) and
high versus low levels of technological support (e.g. cyber-infrastructures to support remote
collaboration). To the extent that these different facets of team science are congruent or
well-matched, team members should be better able to collaborate effectively. High levels of
incongruity or imbalance among the various facets of team science, on the other hand, are
likely to create disequilibrium and jeopardize collaborative success (Falk-Krzesinski et al,
2010a; Stokols et a/, 2008b).

From a congruence perspective, efforts to promote strategic team science would entail
maximizing the fit between alternative arrangements for conducting team science (e.g.
place-based centers vs. spatially dispersed virtual ‘collaboratories’) and particular leadership
and team structures, managerial approaches, and technological resources (Contractor, 2009;
Falk-Krzesinski ef al, 2010a; Gray, 2008a; Guimera et a/, 2005; Olson and Olson, 2000;
Olson et af, 2008; Whitfield, 2008). Greater congruence among these dimensions of team
science would be expected to enhance collaborative processes and to promote higher levels
of productivity.

A roadmap for SciTS research

Despite the burgeoning interest in team science, it is not yet empirically clear exactly how
and when collaborative efforts actually enhance the scientific enterprise. We know that there
are significant expenditures in time and money that are often associated with increased
collaboration and that working collectively poses important challenges that more solitary
science avoids. It is precisely because the empirical foundation for collaboration is still at
such an early stage that there is so great a need to establish a scientific endeavor designed to
address such issues.

This concept-mapping study constitutes a lever for moving SciTS forward at theoretical,
empirical, and translational levels. In this section we illustrate how the concept-mapping
conceptual framework can be used to develop a roadmap for SciTS research, and we provide
representative ways in which the SciTS research roadmap can be used to guide the
development of team science research directions, funding, and policy. But it leaves for
future research the challenge of implementing a SciTS research agenda and enhancing our
understanding of what really works in team science and under what conditions.

The SciTS concept map encompasses a broad set of clusters, which represent important
areas of inquiry for studying scientific teamwork. Accordingly, it offers a guide for funders
of SciTS research by identifying areas of investigation to promote. For instance, the various
clusters or regions identified in the map can serve as a basis for creating more specific
research areas that funders of team science can use to enlarge the portfolio of funding
necessary to understand and improve team science. Along these lines, the multiple clusters
and regions identified in the SciTS concept map can also provide a basis for developing a
prioritheoretical propositions about how various facets of team science relate to each other
in a dynamic and possibly predictive fashion.
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Further, this framework illustrates how different stakeholder groups could have primary
interests in different clusters or across clusters and, more importantly, how different
stakeholder groups would need to collaborate to examine issues. For example, team science
researchers involved with the generation of models could work with program staff at
funding agencies to identify particular gaps in understanding that require additional
research, as well as how to facilitate research to test such models 7 situ. Similarly,
researchers in evaluation could work with team science practitioners to understand how the
management of collaborations can be more effectively assessed and how the practice of
team science and its associated team dynamics lead to varied performance outcomes. SciTS
researchers working to understand effective organization and management would need to
partner with multiple stakeholders so as to examine the leadership and contextual factors
that influence science collaborations.

With regard to the practical aspects of science performed in teams, the clusters can also be
used to develop detailed conceptual taxonomies to foster the creation of methods for
supporting scientific collaboration. These taxonomies, for example, could then be used to
develop alternative infrastructures for doing team science, multiple team science goals, and
management and support strategies. Further, a SciTS research roadmap could be used as a
springboard for directing further research about the diverse factors that influence the
effectiveness of team science projects and initiatives.

This project was undertaken in part to provide an empirical foundation for informed
discussion at the First Annual International Science of Team Science (SciTS) Conference,
held on 22-24 April 2010 in Chicago (Falk-Krzesinski et a/, 2010a). The study was
conducted as part of the planning activities and preliminary results of the study were shared
with conference attendees. Taking the project full circle, the conference program committee
used the SciTS concept map to help identify and select the session topics and organize the
overall program for the second annual SciTS conference that was held in Chicago in April
2011 <http://scienceofteamscience.northwestern.edu/>. Four of the 13 conference sessions
focused on issues related to the ‘Measurement and evaluation of team science’, the SciTS
issue that received the highest relative importance rating in the concept-mapping study. The
remaining nine conference sessions presented a balanced approach to the additional topics
highlighted by the other six clusters in the SciTS concept map.

This SciTS concept-mapping project extends earlier conceptualizations and scientific forums
on team science (Cummings and Kiesler, 2007; Fiore, 2008; Gray, 2008b; Kessel et al,
2008; Masse et al, 2008; NAS, 2004; Olson et a/, 2008; Rhoten, 2003, 2004; Rhoten and
Parker, 2004; Stokols et al, 2008a, 2010; Trochim et a/, 2008). It bridges prior findings on
multi-, inter-, and trans-disciplinary research collaboration and the new dynamics of
problem-focused team research by applying collaborative concept-mapping techniques used
by experts in the field to more systematically identify the particular areas of research
important for the developing field of SciTS.

Whereas prior approaches to team science have involved systematic analyses of both
primary and secondary data sources, we added new empirical methods to research on SciTS.
In this way we used concept-mapping strategies to develop a framework for future theory
development, empirical research, and translational strategies for the field. In short, the SciTS
concept-mapping study conveys actionable science that can be translated to guide successful
team science.
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Figure 1. SciTS cluster map
Note: Two-dimensional map of the 95 final synthesized SciTS topic statements, grouped
into seven clusters. Each numbered point represents one synthesized statement (a list of all
statements organized by cluster is in Table 1). Statements closer to each other are considered
to be more similar in meaning than statements further away from one another. The grouping
(as defined by polygon-shaped boundaries) displays the statements into related clusters
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Figure 2. SciTS concept map

Note. A comprehensive SciTS issues map showing labeled clusters and regions. Synthesized
SciTS topic statements (refer to Figure 1) are no longer shown as individual points; rather,
they are now grouped and represented by clusters (7), and then by regions (4). The average
importance rating for each cluster is displayed inside the clusters
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Table 1
Synthesized SciTS topic statements organized by cluster
No.  Synthesized statement ARIR
8 Measurement of key constructs (e.g. Collaboration, disciplinarity, team effectiveness, 4.44
personal/behavioral characteristics, team processes, readiness, synergy, productivity,
shared knowledge)
13 Evaluation of team science and its impacts 4.22
65 Measuring effectiveness of team science on multiple levels: individual team, impact of 4.16
research, effectiveness of team science funding programs, etc.
2 How to evaluate success of team science-based research centers 414
3 Comparing the effects of team science versus traditional science in advancing scientific 4.08
knowledge
58 Evaluating and learning from successful teams 4.00
17 Research on methodology and measurement of team science 3.97
77 Strengthening the research methods for studying scientific teams (e.g. using quasi- 3.87
experimental methods)
18 Social network analysis of scientific teams 3.79
79 Infrastructures to capture relevant data to better assess team science outcomes 3.77
69 Importance of developing multi-method strategies to assess processes and outcomes of 3.73
team science
) 22 How network information can provide insight into performance and evaluation of 3.68
M easurement and evaluation of teams
team science
63 Using publication and bibliometric data (e.g. citation rates, impact factors) to assess 3.63
team science
89 Best approach(es) to assessing scientific teams within an institution 3.63
46 Economic value created by team science 3.61
29 How to measure an increase in team science activity and collaboration at an institution, 3.54
in comparison with other institutions
50 Key performance indicators to encourage team science evaluation into individual 3.52
development and professional growth
88 To assess whether the findings produced by team science are more broadly 3.48
disseminated, as compared to traditional science
52 How to evaluate existing and new tools 3.44
83 How to demonstrate an effective team in a grant proposal 3.40
4 How to use team science approaches and methods in the investigation of team science 3.40
32 The availability of organizational structure data as a data source 3.35
64 How network information can provide insight into performance and evaluation of 3.11
teams
Cluster average:  3.74
45 Best practices of team science 4.16
73 Developing testable hypotheses about team science 3.98
72 Theories and models of team science 3.85
sDc?feir?(igons and models of team 62 The definitions of team, scientific team, and team science 321
15 Definition of different types of disciplinarity (interdisciplinary, multi-disciplinarity, 3.03
transdisciplinarity)
Cluster average: 3.65
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No. Synthesized statement ARIR
74 Resources and infrastructure needed within and across institutions to promote 4.03
collaboration and team science
31 Incentives and incentive systems for team science 3.89
25 How the university tenure and promotion system can be restructured to encourage team 3.78
science
80 Processes and methods that encourage and support teams (e.g. group activities, 3.73
scientific conferences, grant opportunity distribution, systems-based approaches)
92 Ethical issues in conducting team science (e.g. IP ownership, defining collaborative 3.70
relationships, attributing credit for work)
Ingtitutional support and 5 Training and education issues in team science 3.67
tpéac;fnonal development for 90 Use of collaborative computerized tools to support and enhance team science 3.63
12 The effects of team science on the scientist's work and career 3.61
75 Funding to support the science of team science, research on team science 3.61
16 Individual benefit/risk analysis to engaging in team science 3.29
81 Co-authorship and multi-principal-investigator authorship in team science 3.27
55  Timing, with regards to investigator career stage, in team science 3.13
85 Relationships between team science in the academy and industry 3.10
Cluster average: 357
59 Using team science and interdisciplinary research to support emerging areas of science 3.94
38 How to overcome disciplinary traditions to move toward interdisciplinary traditions 3.78
36 Applying what is known about teams in different disciplines (e.g. management) and 3.60
contexts (e.g. international)
Disciplinary dynamicsand team 19 How best to disseminate findings and best practices from the science of team science 3.59
science 82  Variations in team science related to disciplinarity 3.44
10 Understanding differences between intra- vs. inter-institutional scientific teams 3.37
33 Relationships and connections between multi-, inter- and transdisciplinary research 3.16
efforts and team science
Cluster average: 3.55
30 Keys for success in team science 4.23
9 The relationship between productivity and the composition of teams 411
37 The network characteristics of productive science team members and subgroups 3.83
53 Contextual/situational factors that influence the effectiveness of team collaboration 3.81
67 The effect of research centers in promoting a team science approach 3.69
40 How research networking tools can enhance team science 3.68
20  The relationships among creativity, innovation and the composition of teams 3.67
Structure and context for teams 70  What types of team organizations are best at facilitating team science 3.60
41 Whether collaborative spaces for team science encourage collaboration 3.56
42 The impact of team size on process and outcomes in team science 3.55
57 How team dynamics can impact science 3.53
14 How the changing ecology and structure of teams influence future scientific 3.51
collaborations
11 The effects of the type and complexity of research question on team science 3.50
28 A study of team science outcomes with junior versus senior principal investigators 3.05

Res Eval. Author manuscript; available in PMC 2012 December 04.



1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Falk-Krzesinski et al. Page 21
No. Synthesized statement ARIR
54 Use and impact of community-based organizations and community clinical practices in 2.87

teams
7 Status of the team as it appears to external individuals and groups 2.84
56 Effects of sustained, hard team work 2.58
Cluster average: 351
35  Organizational policies that foster team science 4.13
1 Types of organizational structures of team science 3.76
93 The management of scientific teams 3.71
71 Disciplinary language barriers in team science 3.60
Management and organization for 78 How to sustain scientific teams 3.56
teams 66 Virtual organizations and team science 3.39
76  Value of rotating team leadership 3.15
61 Membership in multiple, potentially overlapping, potentially conflicting teams 3.05
86 Formal vs. informal organizational structures of institutions 3.05
Cluster average: 349
84 Leadership characteristics that drive effective team science 3.79
48 Issues to consider when initiating or building a new team 3.76
34 What factors contribute to the development of trust in different collaborations 3.71
68 Optimal team composition (e.g. specialists, generalists, boundary spanners) to enable 3.70
use of diverse expertise
24 Ideal composition of scientific teams 3.65
23 Communication styles in teams 3.65
87 Social skills and competencies required for successful team science 3.58
43 Collaborative readiness factors 3.58
21 How roles in teams are defined and communicated, and by whom 3.57
60 Personal and behavioral factors in team science collaborations 3.55
49 Finding potential/likely research collaborators 3.53
g:egeranrsacteristics anddynamicsof g9 gyays gifferences and power dynamics within the team 3.35
94 Different types of conflicts that occur in scientific teams and how to address these 3.35
effectively
6 Heterogeneity of team membership 3.30
27 The psychological and personality factors associated with being an effective team 3.30
scientist
39 How teams grow, shrink, expire over time 3.23
26 The influence of research team morale 3.14
47 Team member physical proximity (co-location) 3.13
44 Team member interchangeability 3.06
51 Gender differences in team contributions 3.05
95  Why people join teams 2.97
Cluster average: 343
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Note: The 95 synthesized SciTS topic statements represented in Figure 1 are organized into seven clusters. Here, each statement is listed by cluster
in descending order according to its individual average relative importance rating (ARIR). The cluster average represents all of the statements
within a cluster
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Table 2
Top ten SciTS topic statements
No.  Synthesized statement ARIR
8 Measurement of key constructs (e.g. collaboration, disciplinarity, team effectiveness, personal/behavioral characteristics, team 4.44
processes, readiness, synergy, productivity, shared knowledge)
30 Keys for success in team science 4.23
13 Evaluation of team science and its impacts 4.22
45 Best practices of team science 4.16
65 Measuring effectiveness of team science on multiple levels: individual team, impact of research, effectiveness of team science 4.16
funding programs, etc.
2 How to evaluate success of team science-based research centers 4.14
35 Organizational policies that foster team science 4.13
9 The relationship between productivity and the composition of teams 411
3 Comparing the effects of team science versus traditional science in advancing scientific knowledge 4.08
74 Resources and infrastructure needed within and across institutions to promote collaboration and team science 4.03

Note: The top-rated SciTS topic statements are ordered by average relative importance rating (ARIR). Five of the 10 statements reside in the
‘Measurement and evaluation of team science’ cluster
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