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ABSTRACT. Complex environmental problem solving dependson cross-disciplinary collaborationamong
scientists. Collaborative research must be preceded by an exploratory phase of collective thinking that
creates shared conceptual frameworks. Collective thinking, in across-disciplinary setting, depends on the
facility with which collaborators are able to learn and understand each others’ perspectives. This paper
appliesthreeperspectivesonlearning to the problem of enabling cross-disciplinary collaboration: Maslow’s
hierarchy of needs, constructivism, and organizational learning. Application of learning frameworks to
collaboration provides insights regarding receptive environments for collaboration, and processes that
facilitate cross-disciplinary interactions. These environments and interactions need time to develop and
require along phase of idea generation preceding any focused research effort. The findings highlight that
collaboration isitself a complex system of people, scientific theory, and tools that must be intentionally
managed. Effective management of the system requires leaders who are facilitators and are capable of
orchestrating effective environments and interactions.
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INTRODUCTION

Global environmental change has precipitated the
need for integrated science, requiring collaborative
efforts across organizations, ingtitutions, and
disciplines (Di Castri 2000, Kates et al. 2001,
Kostoff 2002, Cash et a. 2003, Rayner 2006, Welp
et al. 2006). Although thisneed has been recognized
for a long while, effective, collaborative problem
solving remains elusive (Rhoten 2003). This paper
explores the notion that research collaboration can
beviewed asalearning problem. A set of individuals
representing diverse perspectivesand interests must
learn each other’ smental models, learn how to fuse
those differences into a collective conceptual
framework, and learn how to use that conceptual
framework as a springboard to creative problem
solving. If learning is indeed fundamental to
collaboration, abetter understanding of learning can
be used to inform construction of environmentsand
interactions conducive to effective collaboration
(Mostert et a. 2007).

Among many issues that impede progress in
collaborative efforts, mediating between multiple
scientific and technical disciplinary perspectivesis
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a frequently encountered difficulty. Research on
complex human—environmental systems depends
on conceptual integration across biotic, human,
geologic, and built domains that lack a unified
conceptual framework (Redman 1999, Newell et al.
2005). Interdisciplinary hypotheses are difficult to
generate (Likens 1998, Cottingham 2002, Lele and
Norgaard 2005), in part because the knowledgebase
in emerging research areas is by definition
incomplete and erroneous, and has indistinct scope
(Pickett et al. 1999), and partly because the process
of building that knowledge base is laden with
semantic issues that at best slow down the process,
and at worst, exclude some from the conversation
(Golde and Gallagher 1999, Wear 1999). Cross-
disciplinary conceptual integration can be
facilitated by employing methodologies that
consider the structure of knowledge in cooperating
disciplines, such as disciplinary history, epistemology,
framing differences, and scales of application
(Benda et a. 2002, Bammer 2005, Boulton et al.
2005, Campbell 2005, Newell et al. 2005, Dewul f
et al. 2007). Many of these projects also require the
design and devel opment of new technol ogies based
on advanced computer science and engineering
research, necessitating collaboration with technical
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experts. These collaborations have al of the same
problems as other cross-disciplinary interactions,
amplified by the conceptual distance between
domain sciencesand computer sciencethat presents
itself asboth abarrier to technol ogy usage (Nicolson
et al. 2002) and abarrier to communication with the
technology expertsin the design of useful systems.
Collaboration when both the science and the
technology are rapidly changing and researchers
from both are involved is even more problematic
(Zimmerman and Nardi 2006).

Collaborations are in some ways analogous to
ecosystems (Fig. 1). The primary entities involved
in collaboration are humans, bodies of knowledge,
andtools. For effective collaboration to occur, these
must be linked within a “knowledge ecosystem,”
the dynamics of which depend on individual
processes interacting with group processesin some
normative environment. Little systematic scholarship
exists on how to construct collaborative processes,
interactions, and environments that effectively
combine multiple disciplines. Every collaboration
IS unigue—composed of a distinctive combination
of people in a specific context. However, just as
every ecosystem is aunique response to acommon
set of underlying ecological processes, there must
also be unifying principals governing the workings
of a knowledge ecosystem that can be understood,
modeled, and used to manage collaborations in
useful and productive ways (Akera 2007).

If learning is an inherent part of collaboration, then
enabling collaboration depends in part on a better
understanding of how individual learning processes
interact in group settings—leading to collective
learning from which group outcomes may emerge
(Hutchins 1995). From an individual perspective,
three processes are particularly important. First,
cognitionisthe mental processby whichweacquire
and processinformation. Creativity isaspecial case
of cognition whereby new information is generated
that isnot only original but aso appropriatein some
specific context. Motivation refersto the initiation,
direction, intensity, and persistence of human
behavior (Geen 1994). These deceptively simple
notions are fraught with difficulty for those
scientists engaged in trying to understand the
mechanisms involved (Mayer 1999). Cognition,
creativity, and motivation interact with each other,
as well as with social processes and the normative
environment (Csikszentmihalyi 1999).

As the debates rage, many approaches for
application of our rather limited understanding have
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arisen within the education community. Some of
these have shown themselves to be useful within
learning contexts. One framework for understanding
motivation was proposed by the psychologist
Maslow (1943), who developed a hierarchy of
motivational factors, and is extended in this paper
to explore factors influencing motivation to
collaborate in a group. Constructivism is a
framework for understanding cognition and
creativity. It considers how individuals make sense
of information that is presented to them, and isused
here to explore how individuals may more
effectively communicate their disciplinary perspectives
to others from different disciplines, leading to the
creation of new perspectives. Many other learning
frameworks could be applied to the problem of
enabling collaboration. These were selected
because they have stood the test of time and
pervasive (athough by no means unilateral)
acceptance within the education community. They
are provided as examples of waysin which abetter
understanding of learning can be used to facilitate
the individual processes involved in collaboration.

Along with individual processes, effective
collaboration also depends on understanding and
managing social aspects such that knowledge
exchange can and will occur. The socia character
of cross-disciplinary science is clear—it is
conducted by diverse people who must interact,
make decisions, and take collective action (Magnus
2007). Collaborative groups—whether small
research teams or large multi-institutional efforts,
formal or informal, physically enacted or virtua—
are groups of individuals who aggregate for the
purpose of working together on a shared problem.
Collaboration is not smply a matter of placing
peoplewiththeright knowledgetogether. It depends
on orchestrating the environment and interactions
such that innovative approaches emerge through
effective sharing of knowledge within and among
participants—the evolution of a knowledge
ecology. The organizational learning community
has expl ored mechanisms and group structures that
enable learning in work groups. One particular
approach, “double-loop” learning (Argyris and
Schon 1996), is explored in this paper as a
mechanism for evolving collaborative interactions.

This paper explores the use of selected learning
frameworks for better understanding the process of
collaboration. The paper focuses on three areas of
a knowledge ecosystem: 1) motivation, 2)
cognition, creativity, and collective cognition, and
3) the interaction between these. These are a subset
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Fig. 1. Conceptual model of innovation emerging when people from different disciplinary perspectives
effectively integrate scientific knowledge with advanced tools through a complex system of individual,

group, and environmental interactions.

Feople
Teams
Institutions

Scientific
Theory
MWethods

Data

Technical,
Engineering,
MWathematical
Tools

Integrated System
Collective Creativity
Innovative Research

Collaborative OQutcomes = — =

Individual Processes
Cognition
Creativity -
MWotivation

I Interactions

Group Processes
Communication el
Collective cognition
Team Dynamics

r
-~

Normative
Environment
Funding
Infrastructure
Facilitator

of the many factors likely to be important to
effective collaboration. It is hoped that these
examples will initiate a discourse on knowledge
ecosystems—their  processes, structure, and
function, and other ecological features. It iscritical
that we begin to understand collaboration as a
process, and begin to develop predictive models of
collaboration and collaborative environments that
are effective for achieving the interdisciplinary,
integrated outcomes that we seek.

MOTIVATION

Maslow (1943) maintained that learners must be
motivated, and proposed a framework for
understanding motivation based on a hierarchy of

needs. His proposed motivational levelswere (from
lowest to highest):

1. Physiological needs. Food, water, sex, sleep.
2. Safety needs. Security, protection, predictability.
3. Loveneeds. Friendship, family, belonging.
4

Self-esteem needs. Confidence, achievement,
respect of self and others.

5. Sdf-actudization needs. Fulfillment of
potential, ultimate desires.

According to Maslow, athough learning is an
integral part of functioning at all of the hierarchical
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levels, advanced learning (understanding, Systemization)
occurs at the self-actualization level after concerns
about lower levels are met. Although the
hierarchical nature of motivation is under dispute,
Maslow’s framework has been a useful concept in
psychology and education for understanding
individual motivation. Here, Maslow’s categories
of motivational factors are used to consider factors
that participation in a collaborative effort incurs.

In a collaborative context, physiological needs are
physical mechanisms for collaboration. There can
be no collaboration without physical presence,
whether collaboratorsarelocated indifferent offices
of the same building or across the globe. Each
person on the team needs to be able to interact with
otherson theteam and mechanismsmust bein place
to manage this process (Cummings and Kiesler
2005). Significant resources are being applied
toward addressing this level through virtual
“collaboratories’ in organizationsaround theworld
(e.g., the National Science Foundation Office of
Cyberinfrastructure programs, the UK eScience
program, and others). However, providing a
physical (or virtual) environment for collaboration
isnecessary but insufficient. Collaboration requires
that interactions take place and links be developed
between participants (Guimera et a. 2005).

Within acollaborative team, each member depends
on the group, so security is a matter of group
intactnessand the building of trust within thegroup.
Research on communities of practice suggests that
although effective groups are self-organizing, they
can be cultivated by 1) defining the group in such a
way that members feel personally connected, 2)
providing infrastructure that supports effective
application of each participants expertise, and 3)
assessing the value of contributions using
nontraditional methods (Wenger and Snyder 2000).
Often outcomesfrom collaborative scienceresearch
fall far short of ideal, with participants never
engaging with oneanother (Pickett etal. 1999). This
suggests that mechanisms that cultivate participation
in the group are lacking. Often research directions
are set by oneor afew dominant individuals. Power
relationships must be reconstituted such that
dominant personalities are contained and
collaboratorsrel ateto each other inwaysthat enable
diverse points of view to be expressed (Boreham
and Morgan 2004). Group security isalso related to
the external factors that bring the group together.
Stable funding sources and institutional support
affect group security.
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Socia relationships among team members are
critical. Any group consists of individuals with
differing characteristics. Learning to interact well
despite those differences takes time and can be
affected by the presence or absence of group
processes that structure group formation,
performance, and dissolution (L evineand Moreland
2004). Thefoundationsfor grouplearning aredialog
and the adoption of a set of relational practices that
create a socia structure, both of which provide
opportunitiesfor theconstruction of shared meaning
(Boreham and Morgan 2004). A group learns to
collaborate by engaging in collaboration, the social
action itself providing an opportunity for learning
how to interact (Cook and Brown 1999).

Esteem equates to developing a sense of each
person's strengths and the perspective they
contribute to the team (Dewulf et a. 2007). It
necessitates recognizing the value of different
disciplinary perspectives. Group creativity in
science depends on a diversity of knowledge and
skillsavailableto stimulate divergent thinking, and
discovery of complementarity in conceptual
perspectives (Levine and Moreland 2004).
Discovery of links between different perspectives
can only be accomplished through extended dial og.
Appropriate dialog allows greater coherence to
emerge without imposing coherence (Isaacs 1993).
Differences in fundamental assumptions must
surface. This is not accomplished through set
agendas, and assigned tasks. It primarily requiresa
facilitator to set up and maintain thefield of inquiry
(Isaacs 1993).

The equivalent of sef-actuaization in a
collaborative context is team actualization. Team
actualization occurswhendifferent perspectivesare
recognized and valued, and the team has evolved to
accommodate the different perspectives into a
shared vision (Senge 1990) that makes full use of
al of the expertise available on the team. Team
actualization depends on goal congruence (Scott
and Gable 1997), the notion that the extent to which
individuals will engage with the team depends on
the degree to which the goas of the team are
congruent with the goals of the individual. In
practice, goal congruence can be difficult to attain
especialy in academic arenas where research
interests are often very narrow. Researchers are
taught, trained, and encouraged totightly focustheir
efforts (Fig. 2A). Thisworks against efforts to find
common ground (Fig. 2B). Collective problem
definition can be enabled by combining divergent
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thinking to explore different parts of the potential
solution space and identify commonalities (Levine
and M oreland 2004) with convergent thinking along
multiple paths (Fig. 2C). Thus, researchers can
focus on a part of the problem that interests them,
but their part is linked to the larger group effort.

The above provides a motivational framework for
understanding the environment that leads to team
actualization. However, an ecology is much more
than just environment—it depends on the
development of process-based links between
entities within the environment. Processes and
interactions that create an effective collaboration
are poorly understood. Team actudization in a
distributed, multi-institutional, and multi-disciplinary
context israre—in most cases, the team either does
not function effectively at the social level,
individuals fail to develop the skill of acquiring
other perspectives, or participants never construct a
shared visionthat fully integratesall of thedifferent
individual goals. Overcoming these barriers
depends on learning to think together.

COGNITION, CREATIVITY AND
COLLECTIVE COGNITION

Learning about different disciplinary perspectives
—and integrating those with one’ sown perspective
—depends on cognitive processes. Constructivism
views learning as a process in which the learner
actively builds new ideas or concepts based on
current and past knowledge, encoded in mental
schemas (Driscoll 2005). Learning may occur
through three processes (Rumelhart and Norman
1978): accretion (populating existing schemas),
tuning (evolving existing schemas to incorporate
new information), or restructuring (creation of new
schemas that replace or incorporate old ones). The
learner has an existing conceptual framework that
may partially overlap with the new information
(enabling accretion), yet differ in fundamental
ways. Those differences may be difficult to
accommodate because there is no existing
conceptual framework on which to build, requiring
tuning. Or, they may be contradictory, invoking
cognitive dissonance and schemarestructuring. For
cross-disciplinary collaborationto occur, individual
schemas must be tuned and restructured to mesh
with other individual schemas so that collective
thinking may emerge. This requires exchange of
knowledge in ways that are conducive to making
sense of a subject without requiring depth of
understanding. For instance, an ecologist trying to
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collaborate with a computer scientist needs to
construct cognitive models of relevant aspects of
the application of some computational topic and
integrate those with his own disciplinary cognitive
models, but the ecologist should not need a deep
understanding of the computer science topic. A
fairly limited understanding is sufficient. However,
it is difficult to know which aspects are most
relevant and sufficient until after the information
has been integrated, requiring an exploratory phase
of high-level learning. Unfortunately, technical
information israrely accessiblein forms digestible
by non-computer scientists.

In academia, knowledge exchange has historically
been written text or verba presentations with
accompanying figuresand tables. Theseapproaches
have worked well for generations of scholars, who
are largely interacting within disciplinary contexts
with colleagues who have similar mental schemas.
However, a colleague from another discipline
lacking the relevant conceptual framework has
limited ability to comprehend the material as
presented (Jeffrey 2003). The degree to which
comprehensionislimited dependsontheconceptual
proximity of the material to the observer's
conceptual framework. Two physical scientists
understand each other’ sliterature morereadily than
aphysical and social scientist, or alife scientist and
a computer scientist. Hence, time-honored
approaches to knowledge exchange that work well
within disciplines fall short in cross-disciplinary
contexts.

The alternative and often the primary knowledge
exchange method on collaborative teams is
informal, unstructured dialog. Where multidirectional
learning is occurring between several disciplines
with little structure, significant cognitive load is
placed on learners (Kirschner 2002, Paas et a.
2003). Learning can be lengthy and difficult,
requiring substantial time and commitment to
achieve (Michael 1995). Additionally, because
existing conceptual frameworks are undergoing
substantial revision, learners may construct
meaning that the presenter did not intend. That new
meaning may beerroneous, or it could beinnovative
as the learner applies the information in a new
context and develops novel links between concepts
(Bailey 2001, Jeffrey 2003). Orchestrated processes
of knowledge exchange that enable rapid learning
and minimizemisunderstanding, whilehighlighting
potentially innovative thinking, are grestly to be
desired.
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Fig. 2. Process for integrating multiple disciplinary perspectives. A) Focused individual research
interests. B) Expanded individual research interests reveal common ground. C) Iterative divergent and
convergent thinking methods for idea generation and selection.
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Group cognition studies indicate the importance of
identifying a shared task (Hutchins 1995).
Development of collaborative solutionsto complex
problems can be concelved as two phased (Vincent
et a. 2002): 1) an idea generation phase (collective
thinking), and 2) an implementation phase
(collaborative action). The process of idea
generation requires a combination of divergent
thinking and domain expertise, linking creativity
and design with aspecific problem of interest. From
a collective constructivism view, it requires 1)
representing disciplinary concepts in a way that
enablesrapid comprehension and learning by those
outside of the discipline (construction of an
integrated conceptual schema), 2) collective
formulation of the problem (construction of an
integrated problem definition that emergesfromthe
integrated conceptual schema) and 3) linking
disciplinary approaches such that idealized
solutions can be identified (construction of
integrated strategies for solving the problem using
available individual schemas). Developing cross-
disciplinary understanding is the first step toward
the truly interdisciplinary perspective that is
required for effective idea generation. In practice,
idea generation involves a rather chaotic period of
interaction between different participants as they
learn about each other’ s perspectives and search for

common ground. A fundamental tenet of
constructivism is that there is no single, correct
answer—integrating schemas, problem definitions,
and strategies may take many different forms
depending on the participants. Thereare only better
or worse solutions, a classic “wicked problem”
(Rittel and Webber 1973).

Although there are few theories about enabling
interdisciplinary interaction, social scienceresearch
on boundaries and boundary crossing indicates the
importanceof constructing shared artifacts(Star and
Griesemer 1989, Jeffrey 2003), and empirical
evidencesuggeststhat i nteractionscan befacilitated
by an individual (boundary spanner) explicitly
tasked with mediating between the groups
(Williams 2002, Cash et al. 2003, Rhoten 2003).
Williams (2002) provided an overview of
characteristics of boundary spanners, suggesting
that, in addition to networking ability, they must be
entrepreneursand innovators, cultural brokers, trust
builders, and catalytic leaders. Boundary spanners
may be nominated or may emerge, but to be
effective they must be viewed as a legitimate
(although possibly peripheral) participant in the
fields being spanned and recognized as a negotiator
between fields, and they must be motivated to act
as negotiator (Levinaand Vaast 2005).
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These al point to the need for orchestrating the
process of collaboration through use of appropriate
methods by individuals who have the necessary
knowledge of relevant concepts in multiple
disciplines, practical experience managing groups,
strong problem-solving and reasoning skills, and
clear leadership qualities. Individuals with these
assets have been widely regarded within the
organizational change community as absolutely
necessary for continued relevance in the rapidly
changing environment of the knowledge economy.
Y et evenwhenindividua swiththesecharacteristics
arefound, thereisalack of relevant theory to which
they can refer for aid in managing scientific
collaborations. Thefield of organizational learning
has evolved new approaches for understanding
waysin which groups can learn together and decide
upon collective action.

ORGANIZED LEARNING

Organizational learning attempts to explain links
between individual thought and collective action,
with the goal of understanding and enabling the
latter. Organizational learning draws from many
disciplines: education, psychology, cognition,
sociology, and others. Theorists distinguish
between the “process’ of organizationa learning
through which individuals and/or collectives may
adapt to new situations and contexts, and the
“product” of a“learning organization” (Argyrisand
Schon 1996). If the process of organizational
learning is embedded throughout the culture of the
organization, then the product should be alearning
organization, capable of flexible, adaptive learning
under conditions of rapid change. The application
for cross-disciplinary collaboration in science is
clear—the process of learning within the group is
organized |learning, and all of the stakeholdersinthe
collaboration are the learning organization.
Learning processes must be embedded throughout
the loose organization of science in general, and
within collaborative groups in particular, such that
science as a whole may evolve new insight in a
culture deluged with information and rapidly
changing scientific understanding.

A central concept in organizational learning is the
notion of iterative learning, termed “single-loop”
learning and “double-loop” learning (Argyris and
Schon 1996; Fig. 3). Learning takes place within an
organi zation when someone notes that the outcome
of some current practice does not match desired
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results. Individuals within the organization act to
discover and correct the cause of the discrepancy
and then the findings are embedded into
organizational practices and their artifacts. The
process may involve multiple iterations across
different strategies (action strategies) until a
desirable strategy evolves. When the inquiry
process results in changes that simply modify the
current strategy (perhaps through different tactics),
single-loop learning occurs (Fig. 3). When the
Inquiry process results in a re-examination of the
governing variables derived from organizational
goals and development of a new strategy, double-
loop learning occurs.

In scientific collaboration, the process of exploring
different potential conceptual links between
multidisciplinary stakeholdersin response to some
external force (such asagrant solicitation requiring
cross-disciplinary collaboration) takes place
through single- and double-loop learning. Various
links are explored and tested until the outcome isa
research framework that successfully integratesthe
different perspectives. Eachiteration shouldinclude
adivergent thinking activity alowing adiversity of
ideas to be put forth, and a convergent thinking
activity that seeks to synthesize those ideas into an
actionable form. The chosen activities could take
many forms, but must include mechanisms than
enable comprehension of the ideas by all of the
participants and opportunity for dialog about each
idea. It has been noted that in complex problem
solving, the idea generation phase can take a long
time (Jeffrey 2003).

This approach is in some ways analogous to the
scientific method. Each potential action strategy
that is explored is analogous to a hypothesis test,
and the results either confirm or disprove the
hypothesis (strategy). The test may be replicated
many times, using different methods (change in
tactics, or single-loop learning), in order to obtain
robust results. If the hypothesisis disproved, anew
hypothesis (strategy) is constructed (double-loop
learning) and tested (new action). One can never
state with certainty that one has arrived at the best
strategic action possible for a given situation, but
the process ensures convergence into improved
solutions as long as strategies are continually and
intentionally confronted withacomparison between
goals and outcomes. The primary difference
between double-loop learning and hypothesis
testing isthat the former experimentswith elements
of choice and preference that are not purely
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Fig. 3. Organizational learning process from action research.

Vision & Goals

L

Governing
variable

Action
strategy

r

Conseguences

Single-loop learning

Double-foop learning

mechanistic. Additionally, the people manipulating
the test are also actors within the test, rather than
outside observers.

LINKING COLLABORATIVE ACTION AND
COLLECTIVE THINKING STRATEGIES

The double-loop learning model proposed by
Argryisand Schon (1996) convergestwo strategies
that can be considered separately (Fig. 4). Thefirst
is the collaborative action strategy—that course of
action that is decided on by the group, and provides
results that can be evaluated in subsequent
iterations. The second is the collective thinking
strategy—the methods by which the group decides
on a collaborative action. Therefore, nested within
the action strategy box of the single- and double-
loop learning models is a decision-making process
that incorporatesindividual and collectivelearning.

As any group decides on an action strategy, they
must first construct a shared vision of what they
want to accomplish (Senge 1990; Fig. 4). In
scientific  collaborations, this entails fusing
individual knowledge into a collective conceptual
framework (collectiveconstructivism). A collective
conceptual framework can only be achieved by a
team that has already traversed motivational issues

to the degree necessary for conceptual integration
of perspectives. The process of developing a high
functioning team, constructing a collective
conceptual framework, and creating ashared vision
does not usually happen serendipitously. These
processes are difficult, as evidenced by the paucity
of productive cross-disciplinary collaborations
(Likens 1998).

Once cregtive ideas have been generated and a
shared vision is achieved, those ideas must be
implemented (Fig. 4). Senge (1990) suggests that
|eadership and management during this phase must
largely befocused onkeepingthesharedvisionclear
and constant in everyone's minds, ensuring that
everyone knowshow their contribution fitsinto that
vision, and ensuring that the tasks being carried out
progress toward the vision. In large collaborations
where participants are distributed across multiple
institutions, Olson et al. (in press) and Olson and
Olson (2000) suggest that the optimal structure is
for participants to be able to work largely
independently within the constraints of the broader
vision, meeting frequently for targeted working
sessions to discuss specific problems.

Because cross-disciplinary science teams are
evolving new strategies based on active research,
the initial shared vision cannot be static; it must
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Fig. 4. Learning strategies are nested within an action strategy. These lead to generation of a shared
vision that can be implemented and assessed in single- or double-loop learning.
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evolve as the team |learns more about the problem
of interest. There must be regular and ongoing
evaluation of short-term results and reassessment of
the vision. Project outcomes may or may not be
precisely what was originaly envisioned as the
process of collaboration itself may change the
problem definition in unanticipated and potentially
interesting ways. This can best be accomplished if
team membersare apprised of others' progresssuch
that conceptual models are constantly updated.
Achieving thislevel of performancerequiresfocus,
commitment, and good management. Coordination
mechanisms are especially critical in distance
collaborations (Cummings and Kiesler 2005). Y et
trade-offs must occur. Meetings that enable
progress reports but require participant travel can
disablefocused research efforts. The hope of virtual
collaboratories is that they will eventually provide
amore accessible forum for community interaction
(Finholt and Olson 1997). Y et the redlity is that no
virtual environment islikely to fully replicate team
co-location.

The preceding discussion points to the need for a
particular kind of manager within collaborative

teams—one who is concerned with the human
aspects of the collaboration and can act as vision
constructor, vision keeper, and vision assessor (Fig.
4). The need for sufficient and appropriate
management on compl ex cross-disciplinary science
collaborations has been recognized, along with the
importance of leadership focused on spanning
disciplines (Spencer et a. 2006). Project
management should include someone whose
function merges the leader-as-facilitator perspective
of organizational learning with the boundary-
spanning perspective of collective constructivism.

There are different strategies for evolving a shared
vision that have been used in the organizational-
learning and problem-solving communities (e.g.,
appreciative inquiry, communities of practice, soft
system methodology, etc.). Most of these were
formulated for use in business organizational
environments. Analogous methods need to be
developed for scientific collaborations. A model of
scientific collaboration could explicitly link
cognitive, social, and learning processes with
relevant methods, providing a framework from
which individual s acting as collaboration managers
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on cross-disciplinary teams could more effectively
lead, manage, and direct collaborative efforts.

CONCLUSION

This paper explored the notion of collaboration as
a learning problem requiring links between
organization and team dynamics, collective
thinking, and learning. It was shown that cross-
disciplinary collaboration depends on creating an
environment conducive to collaboration by striving
to meet motivational needs and enabling participant
interactions that lead to a shared vision through
construction of a collective conceptual model. The
entire collaboration process, although possible to
achieve without design, could be more effectively
enabled through highly orchestrated methods that
alow for iterative divergent and convergent
thinking.

The process of collaboration presented in this paper
highlights the need for strategic analysis and
management of collective learning in collaborative
settings. Thereisaneed for better understanding of
team dynamics in multidisciplinary, multi-
organizational, and distributed settings. Each
situation is likely to be unique but governed by
fundamental knowledge exchange processes. The
timeisripefor progressin this arena.

With respect to broader environmental change
issues, the full system is exceedingly complex and
integrates not only the issues considered above but
also societal and policy interactions (transdisciplinary
science). The proposed conceptual framework
needs to be extended to accommodate the diverse,
heterogeneous, and complex interactions that both
drive and respond to collaborative science. The
extent to which we can manage this knowledge
ecosystem will ultimately determine the extent to
which we can effectively respond to long-term
global change in the environment.

Responsesto this article can be read online at:
http: //mww.ecol ogyandsoci ety.org/vol 13/iss2/art8/responses/

Ecology and Society 13(2): 8
http://www.ecologyandsociety.org/vol 13/iss2/art8/

Acknowledgments:

This work is supported by National Science
Foundationgrant numbers0636317 for theCl-Team
Demonstration Project: Advancing Cyberinfrastructure-
Based Science Through Education, Training, and
Mentoring of Science Communities and 0225665
for the Science Environment for Ecological
Knowledge. The author thanks two anonymous
reviewers for their constructive comments.

LITERATURE CITED

Akera, A. 2007. Constructing a representation for
an ecology of knowledge: methodol ogical advances
in the integration of knowledge and its various
contexts. Social Studies of Science 37(3):413-441.

Argyris, C.,, and D. A. Schon. 1996.
Organizational learning I1: theory, method, and
practice. AddisonWesl ey, Reading, M assachusetts,
USA.

Bailey, K. 2001. Towards unifying science:
applying concepts across disciplinary boundaries.
Systems Research and Behavioral Science 18:41—
62.

Bammer, G. 2005. Integration and implementation
sciences. building a new specialization. Ecology
and Society 10(2):6. (online) URL: http://www.eco
logyandsociety.org/vol 10/iss2/art6.

Benda, L., N. L. Poff, C. Tague, M. A. Palmer, J.
Pizzuto, S. Cooper, and E. Stanley. 2002. How to
avoid train wrecks when using science in
environmental problem solving. BioScience 52
(12):1127-1136.

Boreham, N., and C. Morgan. 2004. A
sociocultural analysis of organizationa learning.
Oxford Review of Education 30(3):307-325.

Boulton, A., D. Panizzon and J. D. Prior. 2005.
Explicit knowledge structures as a tool for
overcoming obstacles to interdisciplinary research.
Conservation Biology 19(6):2026—-22029.


http://www.ecologyandsociety.org/vol13/iss2/art8/
http://www.ecologyandsociety.org/vol13/iss2/art8/responses/
http://www.ecologyandsociety.org/vol10/iss2/art6
http://www.ecologyandsociety.org/vol10/iss2/art6

Campbell, L. M. 2005. Overcoming obstacles to
interdisciplinary research. Conservation Biology 19
(2):574-577.

Cash, D. W., W. C. Clark, F. Alcock, N. M.
Disckson, N. Eckley, D. H. Guston, J. Jager, and
R. B. Mitchell. 2003. Knowledge systems for
sustainable development. Proceedings of the
National Academy of Sciences 100(14):8086—-8091.

Cook, S. D. N., and J. S. Brown. 1999. Bridging
epistemologies: the generative dance between
organizational knowledge and organizational
knowing. Organization Science 10(4):381—-400.

Cottingham, K. 2002. Tackling biocomplexity: the
role of people, tools, and scale. BioScience 52(9):
793-799.

Cskszentimihalyi, M. 1999. Implications of a
systems perspective for the study of creativity.
Pages313-335inR. J. Sternberg, editor. Handbook
of creativity. Cambridge University Press,
Cambridge, UK.

Cummings, J. N., and S. Kieder. 2005.
Collaborative research across disciplinary and
organi zational boundaries. Social Sudiesof Science
35(5): 703-722.

Dewulf, A., G. Francois, C. Pahl-Wostl, and T.
Taillieu. 2007. A framing approach to cross-
disciplinary research collaboration: experiences
from a large-scale research project on adaptive
water management, Ecology and Society 12(2):14.
[online] URL: http//www.ecol ogyandsociety.org/vol12/
iss2/art14/.

Di Castri, F. 2000. Ecology in a context of
economic globalization. BioScience 50(4):321-
332.

Driscoll, M. 2005. Psychology of learning for
instruction. Pearson, New Y ork, New York, USA.

Finholt, T. A., and G. M. Olson. 1997. From
laboratoriesto collaboratories: anew organizational
form for scientific collaboration. Psychological
Science 8(1):28-36.

Geen, R. 1994. Human motivation: a psychol ogical
approach. Wadsworth Publishing.

Golde, C.,and H. Gallagher. 1999. Thechallenges
of conducting interdisciplinary research in

Ecology and Society 13(2): 8
http://www.ecologyandsociety.org/vol 13/iss2/art8/

traditional doctoral programs. Ecosystems 2:281—
285.

Guimera, R., B. Uzz, J. Spiro, and L. A. N.
Amaral. 2005. Team assembly mechanisms
determine collaboration network structure and team
performance. Science 308(29):697—702.

Hutchins, E. 1995. Cognition in the Wild, MIT
Press, 408 pp.

I saacs, W. 1993. Taking flight: dialogue, collective
thinking, and organizational learning. Organizational
Dynamics 22(2):24-39.

Jeffrey, P. 2003. Smoothing the waters:
observations on the process of cross-disciplinary
research collaboration, Social Studies of Science 33
(4):539-562.

Kates, R. W., J. S. Clark, R. Cordl, J. M. Hall,
C. C. Jaeger, |. Lowe, J. J. McCarthy, H. J.
Schellnhuber, B. Bolin, N. M. Dickson, S.
Faucheux, G. C. Gallopin, A. Grubler, B.
Huntley, J. Jager, N. S. Jodha, R. E. Kasperson,
A. Mabogunje, P. A. Matson, H. A. Mooney, B.
Moore, |11, T. O’'Riordan, and U. Svedin. 2001.
Environment and development: sustainability
science. Science 292(5517):641-642.

Kirschner, P. A. 2002. Cognitive load theory:
implications of cognitive |oad theory on the design
of learning. Learning and Instruction 12:1-10.

Kostoff, R. 2002. Overcoming specialization.
BioScience 52(10):937-941.

Lele, S R., and R. B. Norgaard. 2005. Practicing
interdisciplinarity. BioScience 55(11):967-975.

Levina, N., and E. Vaast. 2005. The emergence of
boundary spanning competence in practice:
implications for implementation and use of
information systems. MIS Quarterly 29(2):335-363.

Leving, J. M., and R. L. Moreland. 2004.
Collaboration: the socia context of theory
development. Personality and Social Psychology
Review 8(2):164-172.

Likens, G. 1998. Limitations to intellectual
progress in ecosystem science. Pages 247271 in
M. Pace and P. Groffman. Successes, limitations
and frontiers in ecosystem science. Springer-
Verlag, New York, New York, USA.


http://www.ecologyandsociety.org/vol13/iss2/art8/
http://http//www.ecologyandsociety.org/vol12/iss2/art14/
http://http//www.ecologyandsociety.org/vol12/iss2/art14/

Magnus, P. D. 2007. Distributed cognition and the
task of science. Social Sudiesof Science37(2):297—
310.

Maslow, A. 1943. A theory of human motivation.
Psychological Review 50:370-396.

Mayer, R. E. 1999. Fifty years of creativity
research. Pages 449460 in R. J. Sternberg, editor.
Handbook of creativity. Cambridge University
Press, Cambridge, UK.

Michael, D. N. 1995. Barriers and bridges to
learning in a turbulent human ecol ogy.Pages 461—
488 in L. H. Gunderson, C. S. Holling, and S. S.
Light. Barriers and bridges to the renewal of
ecosystems and institutions. Columbia University
Press, New York, New York, USA.

Mostert, E., C. Pahl-Wostl, Y. Rees, B. Searle, D.
Tabara, and J. Tippett. 2007. Socia learning in
European river-basin management: barriers and
fostering mechanismsfrom 10river basins. Ecology
and Society 12(1):19. [online] URL: http://www.ec
ologyandsociety.org/vol12/issl/art19/.

Newell, B., C. L. Crumley, N. Hassan, E. F.
Lambin, C. Pahl-Wostl, and A. Underdal. 2005.
A conceptual template for integrative human-
environment research. Global Environmental
Change 15:299-307.

Nicolson, C.,A. Starfidld, G. P. Kofinas, and J. A.
Kruse. 2002. Ten heuristics for interdisciplinary
modeling projects. Ecosystems 5:376-384.

Olson, J., E. Hofer, N. Bos, A. Zimmerman, G.
M.Olson,D.Cooney, and | . Faniel. 2008. A theory
of remote scientific collaboration (TORSC). In G.
M. Olson, A. Zimmerman, and N. Bos, editors.
Doing science on the internet. MIT Press, Boston,
Massachusetts, USA. (In press.)

Olson, G. M., and J. Olson. 2000. Distance
matters. Human-Computer Interaction 15:139-
178.

Paas, F.,A. Renkl, and J. Sweller. 2003. Cognitive
load theory and instructional design: recent
developments. Educational Psychologist 38(1):1—
4.

Ecology and Society 13(2): 8
http://www.ecologyandsociety.org/vol 13/iss2/art8/

Pickett, S., W. R. Burch, Jr., and J. M. Grove.
1999. Interdisciplinary research: maintaining the
constructive impulse in a culture of criticism.
Ecosystems 2:302-307.

Rayner, S. 2006. Editoria: what drives
environmental policy? Global Environmental
Change 17:4-6.

Redman, C. 1999. Human dimensions of
ecosystem studies. Ecosystems 2:296-298.

Rhoten, D. 2003. Final report: a multi-method
analysis of the social and technical conditions for
interdisciplinary collaboration. The Hybrid Vigor
Institute, San Francisco, California, USA.

Rittel, H., and M. Webber. 1973. Dilemmasin a
general theory of planning. Policy Sciences 4:155—
169.

Rumelhart, V. E., and D. A. Norman. 1978.
Accretion, tuning, and restructuring: three modes of
learning. Pages 37-53 in J. R. Cotton and R. L.
Klatzky. Semantic factors in cognition. Lawrence
Erlbaum Associates, Hillsdale, New Jersey, USA.

Scott, J. E., and G. Gable. 1997. Goal congruence,
trust, and organizational culture: strengthening
knowledge links. Pages 107-120 in ??7?, editor.
Proceedings of the 18th International Conference
on Information systems. Atlanta, Georgia, USA.

Senge, P. M. 1990. Thefifth discipline: the art and
practice of the learning organization. Currency
Doubleday, New York, New York, USA.

Spencer, B. F. J, R. Butler K. Ricker, D.
Marcusiu, T. Finholt, |. Foster, and C.
Kesselman. 2006. Cyberenvironment project
management: lessons learned. Report for the
National Science Foundation. [online]. hitp://www.
nsf.gov/od/oci/CPMLL.pdf.

Star,S.L.,and J.R. Griesemer. 1989. Institutional
ecology, ‘trandations and boundary objects:
amateurs and professionals in Berkeley's Museum
of Vertebrate Zoology, 1907-39. Social Studies of
Science 19:387—420.

Vincent,A. S., B. P. Decker, and M. D. Mumford.
2002. Divergent thinking, intelligence, and
expertise: a test of alternative models. Creativity


http://www.ecologyandsociety.org/vol13/iss2/art8/
http://www.ecologyandsociety.org/vol12/iss1/art19/
http://www.ecologyandsociety.org/vol12/iss1/art19/
http://www.nsf.gov/od/oci/CPMLL.pdf
http://www.nsf.gov/od/oci/CPMLL.pdf

Research Journal 14(2):163-178.

Wear, D. N. 1999. Challenges to interdisciplinary
discourse. Ecosystems 2:299-301.

Welp, M., A. de la Vega-Lenert, S. Stoll-
Kleemann, and C. C. Jaeger. 2006. Science-based
stakeholder dialogues: theories and tools. Global
Environmental Change 16:170-181.

Wenger, E. C, and W. M. Snyder. 2000.
Communities of practice: the organizational
frontier. Harvard Business Review 78(1):139-145.

Williams, P. 2002. The competent boundary
spanner. Public Administration 80(1):103-124.

Zimmerman, A., and B. A. Nardi. 2006. Whither
or whether HCI: requirements analysis for multi-
sited, multi-user cyberinfrastructures. Pages 1501—
1606 in CHI '06 Extended abstracts on human
factors in computing systems, 2227 April 2006,
Montreal, Quebec, Canada. ACM Press, New Y ork,
New York, USA. DOI= http://doi.acm.
0rg/10.1145/1125451.1125743

Ecology and Society 13(2): 8
http://www.ecologyandsociety.org/vol 13/iss2/art8/



http://www.ecologyandsociety.org/vol13/iss2/art8/

	Cross-Disciplinary Collaboration and Learning
	Recommended Citation

	Title
	Abstract
	Introduction
	Motivation
	Cognition, creativity and collective cognition
	Organized learning
	Linking collaborative action and collective thinking strategies
	Conclusion
	Responses to this article
	Acknowledgments
	Literature cited
	Figure1
	Figure2
	Figure3
	Figure4

