M_Mangan-45038.qxd

8/31/2006

4:00 PM

Page i

FM_Mangan-45038.qxd

8/31/2006

4:00 PM

Page iii

Contents
Preface
A Need for Change
Metaphors for Reform in Science Education
Putting Brain-Based Learning to Work in the Science Classroom
A Paradigm Shift
Acknowledgments
Publisher’s Acknowledgments
About the Author
Introduction: Envisioning a New Paradigm for Science Education
The Old and the New Science
A Change in Metaphors
Chaos Theory and the New Sciences
Reform in Science Education
Recurring Themes in Science Reform
Science Education Reform Initiatives
Brain-Based Learning Theory
Mind/Brain Principles
Nine Essential Classroom Strategies
Brain-Based Science Classrooms
Implications of Chaos Theory Principles for Science Education
Implications of New Science Principles for Science Education
SECTION 1 CHAOS THEORY
1. Fractals: A Metaphor for Constructivism, Patterns, and Perspective
Background: What Is a Fractal?
Implications of Fractals for Brain-Compatible Science
Wait for Simple Truths to Reveal Greater Complexities
Construct New Meaning From the Old
Search for Repeating Patterns and Different Perspectives
Application for Brain-Compatible Science
Lesson: Changing Perspectives

2. Iteration: A Metaphor for Change in Science Curriculum
and Information Management
Background: What Is Iteration?
Implications of Iteration for Brain-Compatible Science
Emphasize Dynamic Process and Flexibility
Look for Similarities in Systems
Feed New Information Into the System
Application for Brain-Compatible Science
Lesson: Magma Mix
© 2008 Hawker Brownlow Education CO5681

vi
vi
vii
vii
ix
x
xi
xiii
xiv
xiv
xv
xv
xvi
xvi
xvii
xviii
xviii
xix
xx
xxi
xxii
1
3
3
6
6
7
11
12
13

24
24
25
25
28
34
35
35

FM_Mangan-45038.qxd

8/31/2006

4:00 PM

Page iv

3. Sensitive Dependence on Initial Conditions: A Metaphor
for Change in Gender Equity and Diversity
Background: What Is Sensitive Dependence on Initial Conditions?
Implications of Sensitive Dependence on Initial Conditions for
Brain-Compatible Science
Pay Attention to Details
Show Sensitivity to Unique Dynamics
Accept the Impact of Changing Demographics
Application for Brain-Compatible Science
Lesson: A Closer Look at Crystals

43
44
45
45
49
51
53
53

4. Strange Attractors, Phase Space, and Phase Portraits: A Metaphor
for Change in Learning Environments and Habits of Mind
Background: What Are Strange Attractors, Phase
Space, and Phase Portraits?
Implications of Strange Attractors, Phase Space, and
Phase Portraits for Brain-Compatible Science
Trust in the Inherent Order
Set Invisible Boundaries With Freedom to Expand
Offer Greater Freedom and Flexibility
Believe in the Power of Guiding Principles and Values
Application for Brain-Compatible Science
Lesson: Dancing Raisins

60
60
62
62
66
67
68
69
70

5. Bifurcations and Period Doubling: A Metaphor
Featuring Choices, Joy, and Surprise
Background: What Are Bifurcations and Period Doubling?
Implications of Bifurcation and Period Doubling for
Brain-Compatible Science
Recognize More Than One Right Way by Providing Choices
Seek Out Turmoil and Surprise
Provide a Joyful Classroom Atmosphere
Application for Brain-Compatible Science
Lesson: Invention Bifurcations

77
77
78
79
88
99
100
100

6. Turbulence: A Changing Perspective
of Discipline and Classroom Management
Background: What Is Turbulence?
Implications of Turbulence for Brain-Compatible Science
Expect the Order to Reemerge
Loosen Up and Have Some Fun
Let Go of the Control to Keep It
Application for Brain-Compatible Science
Lesson: Magical Milk Colors

107
107
108
108
109
113
114
116

SECTION 2 NEW SCIENCE PRINCIPLES
Implications of New Science Principles for Science Education
7. A New Look at Evolutionary Biology: A Metaphor
for Change in Curriculum Integration and Localization
Background: What Is Evolutionary Biology?
Implications of Evolutionary Biology for Brain-Compatible Science
Be Adaptable and Expect to Change

123
123
125
125
127
128

© 2008 Hawker Brownlow Education CO5681

FM_Mangan-45038.qxd

8/31/2006

4:00 PM

Page v

Teach in the Boundary Between Steadiness and Oscillation
Integrate Curriculum for a Holistic View
Think Globally, Act Locally
Application for Brain-Compatible Science

128
131
132
133

Lessons: Sand Patterns

133

8. A New Look at Self-Organization: A Metaphor for
Change in Knowledge Construction
Background: What Is Self-Organization?
Implications of Self-Organization for Brain-Compatible Science
Make Connections
Focus on Thinking Scientifically Rather Than on
Accumulating Facts and Definitions
Look for New Forms
Allow for Self-Organization
Application for Brain-Compatible Science
Lesson: Jabberwocky: Webs and Transformations

9. Dissipative Structures: A Metaphor to Emphasize the
Significance of Community and Values
Background: What Are Dissipative Structures?
Implications of Dissipative Structures for Brain-Compatible Science
Stay Open to the Environment
Affirm the Power of Community in Learning
Commit to a Compassionate Concern for Morality and Humanity
Sustain Order Through Growth and Change
Application for Brain-Compatible Science
Lesson: Endangered Species Boxes

10. Quantum Mechanics: A Metaphor for Change in the
Power of Relationships, Energy, and Paradox
Background: What Are Quantum Mechanics?
Implications of Quantum Mechanics for Brain-Compatible Science
Develop and Nurture Relationships
Learn to Accept Uncertainty
Focus on Energy, Not Things
Welcome the Tension of Paradox
Application for Brain-Compatible Science
Lesson: Quantum Alternatives

152
152
153
153
155
156
161
162
162

173
173
175
175
176
177
178
183
183

191
191
192
193
197
199
200
201
201

SECTION 3 CHAOS THEORY AND NEW SCIENCE
PRINCIPLES SUMMARY
A New Approach to Science Education
Implications for Teaching
Implications for Learning
Implications for Assessing
Implications for Designing Curricula
A Final Glimpse of Chaos

207
207
208
210
211
211
212

Glossary

214

References

217

Index

221

© 2008 Hawker Brownlow Education CO5681

FM_Mangan-45038.qxd

8/31/2006

4:00 PM

Page xiv

Introduction
Envisioning a New Paradigm
for Science Education

We do not throw out everything we learned about quantification; we simply
extend our picture of reality, which has suddenly become larger. Nor does the new
paradigm mean that the new sciences are in some way fully formed and fully
understood, or that different theorists and practitioners even fully understand
and agree with each other. Rather, we are finding immensely powerful and allembracing new ways to perceive and describe trends and patterns over time. With
that come new ways of acting and interacting with our world.
Geoffrey & Renate Nummela Caine (1997a, p. 55)

THE OLD AND THE NEW SCIENCE
Searching for meaning in the universe, scientists and philosophers throughout history
have sought after simple laws and truths to explain the mysteries of the world.
Newton’s seventeenth-century view of the universe was ordered, predictable, and measurable, like the mechanical pendulum motion of a clock. Simple cause-and-effect laws
governed Newton’s deterministic outlook that things were more important than relationships and that parts could be put back together again. Time had no real significance
because of the precise nature of the universe. Matter and energy were thought of as separate entities in a step-by-step, sequential world. The accepted view in Newton’s day
was highly rational, logical, and linear, with little parts in the great machine of life
working together in factory-like precision to achieve perfection and order. Finding solutions to problems was more important than the problem-solving process.
With a more connected view of space and time, Albert Einstein’s theory of relativity challenged Newton’s linear perspective and set the stage for the development
of quantum mechanics. In the randomness of a quantum universe, different outcomes arise from identical physical situations. A paradigm shift began with a movement from the industrial Newtonian outlook toward nonlinear, complex, and
dynamical systems, which are open to and readily exchange information with the
environment.
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A CHANGE IN METAPHORS
Stephanie Pace Marshall (1995) asserted that as a society people have used the
science of the times for grounding institutions, including schools. Explaining how
school design has paralleled Newtonian thought, Marshall maintained that the time
has come to adopt a paradigm more in keeping with current scientific thinking. She
replaced the Newtonian clock metaphor with a kaleidoscope metaphor, more appropriate for a continually changing, quantum universe. The factory paradigm schools
contradict everything that Marshall wrote about human potential and capability and
what the neurosciences teach about how the brain functions and learns. Learners
search for meaning, exploration and discovery, adventure, integration, and connection. Therefore, a current paradigm would emphasize meaningful, risk-free learning
opportunities, compatible with current brain research.
In another work Marshall (in Hesselbein, Goldsmith, & Beckhard, 1997) summarized her vision of organizational reform, including the redefinition of schools for
the twenty-first century. Marshall averred that the Newtonian mechanistic model has
changed into a much more fluid, organic, and biological metaphor as new understandings about adaptive systems and brain-based learning theory have surfaced.
Building on discoveries in fields as diverse as quantum physics, systems theory, chaos
mathematics, evolutionary biology, neuroscience, and cognitive science, revolutionary insights about the universe, the natural world, and human learning have all converged into a new understanding of how human systems continue to grow, evolve,
and learn (or change). Marshall envisioned an integrated holistic learning community,
emphasizing connection, purposeful meaning, dynamic relationships, and “the evolutionary nature of the human experience itself.”
Geoffrey and Renate Nummela Caine (1997a, 1997b) also found inspiration from
chaos theory and the new sciences. They agreed that the time has come to change
metaphors from the mechanistic worldview to an unpredictable living systems paradigm. Believing that education is poised on “the edge of chaos,” which they prefer
to call the “edge of possibility,” the Caines described how nonlinear, highly complex
systems actually thrive when they are in a state of disequilibrium. The Caines’ two
outstanding books, Education on the Edge of Possibility (1997a) and Unleashing the
Power of Perceptual Change (1997b), describe their work with schools to implement
brain-based teaching and learning, as well as their perceptions about the process of
educational change. Organizing teachers into process groups that provided them
with both support and freedom to question their deepest assumptions about teaching and learning, the Caines expected that this deep questioning would shift
teachers’ mental models and lead to changes in education (see Chapter 2).

CHAOS THEORY AND THE NEW SCIENCES
A major challenge to Newtonian thinking came from chaos theory, a significant
mathematical development of the twentieth century. James Gleick (1987) described
how gifted mathematicians, physicists, and biologists dared to look at the world differently, and in the process discovered the science of chaos. Randomness and unpredictability manifest this new science, describing the way systems change over time.
Chaos theory reveals how many constantly changing systems are extremely sensitive to their initial state. Through simple nonlinear equations, people may arrive at
very complex and unpredictable results.
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With the world evolving in cycles as energy transforms matter into self-similar
patterns, systems that look chaotic have a deeper order within. Chaos is found
within dynamical systems, or processes in motion, in every discipline (e.g., astronomy, biology, economics, population dynamics, and engineering). Gleick (1987)
explained how simple, deterministic systems breed complexity and how systems too
complex for traditional mathematics obey simple laws. Systems may be as large as
the universe or as small as an atom. Examples include the motion of stars and galaxies, changing weather systems, chemical changes, pendulum motion, and the rise
and fall of populations (Devaney, 1992). Additional examples include the human
brain and schools undergoing change.
Generally speaking, a dynamical system is an evolving, self-organizing network.
Moving away from the either/or Newtonian paradigm to a new worldview of
both/and, people need not choose between the two. Order and chaos exist simultaneously. Structures of order are embedded within chaotic and unpredictable
systems. Cause and effect, space and time appear unrelated as people proceed nonsequentially, creating order out of chaos in a world of many paradoxes.
Marshall (1995) wrote about a nonlinear, adaptive, dynamic, and patternseeking world of inherent order, interconnections, and potentials. Increasingly complex behaviors arise from very simple rules that govern the relationships of individuals to each other. Deep inner creativity and coherence weave the fabric of nature.
Chaos theory and the new sciences tell educators that to reinvent schools (and
science education), they must look at teaching, learning, assessing, and designing
curriculum from different perspectives, viewing them as dynamic, adaptive, selforganizing systems inherently designed to transform and renew themselves through
growth and change.

REFORM IN SCIENCE EDUCATION
Also paralleling the movement from Newtonian thinking to a more holistic
worldview, current reform in science education centers around a movement from the
traditional textbook and test, direct-instruction, and learning-alone-throughcompetition approach, to a process-driven curriculum, featuring constructivist,
hands-on, inquiry-based activities.
An advocate for changing the metaphor to define the design of science curricula,
Lawrence Lowery (1996a) explained how new programs were being developed to
change the way that science is taught in our schools. Lowery wrote about “engaging
the learner in the process of actively constructing and restructuring knowledge . . .
within developmentally appropriate complex networks that progressively increase
in conceptual depth and consistency as students advance through the grades” (p. 8).
When change occurs in science education, new metaphors will emerge.

Recurring Themes in Science Reform
Strong themes recur throughout the science reform literature (American
Association for the Advancement of Science (AAAS) Project 2061, 1993; Holloway,
2000; Lowery, 1996a, 1996b, 1997; National Research Council, 1996; National Science
Teachers Association, 1998; Willis, 1995; Zemelman, Daniels, & Hyde, 2005). Recurring
themes include the following:
© 2008 Hawker Brownlow Education CO5681
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Feature a process-oriented, hands-on, inquiry approach.
Incorporate brain-based learning research.
Emphasize higher-level thinking skills.
Provide a more in-depth approach to fewer topics.
Encourage students to construct meaning, making connections to
everyday life.
Teachers guide and facilitate.
Integrate science with other subject areas.
Integrate science with technology.
Emphasize learning science concepts over memorizing terms and facts.
Consider multiple intelligences and alternative ways of learning.
Insist that science is equal for all students regardless of gender, race, culture,
or differences in educational needs.
Feature cooperative and collaborative learning.
Offer alternative forms of assessment.
Value student questions, strengths, interests, and needs.
Provide opportunities for discussion and debate.
Support a respectful classroom community.

Designed to help students view science in a more connected way, the new science
education paradigm focuses on relevant topics integrated into other curricular areas,
emphasizes brain-based learning, and promotes collaboration and teamwork in flexibly structured classrooms with many things happening at the same time.

Science Education Reform Initiatives
Two key science education reform initiatives include Project 2061, developed by
the American Association for the Advancement of Science (1993), and the National
Science Education Standards, developed by the National Research Council (1996).

Project 2061
In 1985 the American Association for the Advancement of Science (AAAS)
founded Project 2061 to encourage all Americans to become literate in science, mathematics, and technology. Two major publications, focusing on science curriculum,
assured the AAAS a place in United States science education reform history, Science
for All Americans (Rutherford & Ahlgren, 1989) and Benchmarks for Science Literacy
(AAAS, 1993) are the foundation for Project 2061’s continuing efforts to make a significant contribution to science education reform. More recent publications, Atlas of
Science Literacy (AAAS, 2001a) and Designs for Science Literacy (AAAS, 2001b) are
examples of how Project 2061 continues to facilitate change.
Science for All Americans (Rutherford & Ahlgren, 1989), emphasizing that science
is for everyone, defines a set of literacy goals in science, mathematics, and technology that all students should know and be able to do by the time they finish high
school. Benchmarks for Science Literacy (AAAS, 1993), prepared as a tool to be used to
transform learning in science, mathematics, and technology, translates the scientific
literacy goals in Science for All Americans into K–12 benchmarks. Benchmarks for
Science Literacy identifies thresholds rather than average or advanced performance,
concentrates on the common core of learning, and focuses on extending content to
explain how students arrive at scientific conclusions. Benchmarks for Science Literacy
states that although goals for knowing and doing can be described separately, they
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should be learned together in many different contexts so that they may also be used
together in life outside of school to make science relevant.

National Science Education Standards Project
Developed by the National Research Council (1996), the National Science
Education Standards were designed as a vision to enable the nation to meet the goal
that all students should achieve scientific literacy, and with the assumption that
“lifelong scientific literacy begins with attitudes and values established in the earliest years” (p. 18). The standards aim to prepare students for living in a technical and
information-rich world after high school graduation. Besides clarifying important
content standards, the national goals feature teaching, professional development,
and assessment standards for science educators; program standards that describe
the conditions necessary for quality science programs; and system standards that
address resources and coordination at the state and federal level.
The content standards focus on fundamental concepts, going beyond the traditional life sciences and the physical and earth sciences. Science is inquiry. Science is
an active process. “Learning science is something students do, not something that is
done to them” (National Research Council, 1996, p. 20). Shifting the emphasis from
teachers presenting information and covering science topics to students learning
science through active involvement, the standards emphasize the teaching and
learning of basic concepts in the context of investigations.
The assessment standards state that science educators should assess with a variety
of methods for a variety of purposes, not just assigning a grade. Useful for decision
making and as a catalyst for improvement, the standards were not written to be followed exactly but to be seriously considered in the development of science curriculum. Included with the National Science Education Standards are changing emphasis
charts, envisioning change throughout the science educational system. Major points
that should receive less emphasis or more emphasis are listed and compared. Included
are charts on standards for teaching, professional development, assessment, content,
program, and system. Representing thousands of hours of dedicated work by science
educators, scientists, business people, and government officials, these charts may help
to guide educators toward a new science education paradigm.

BRAIN-BASED LEARNING THEORY
Mind/Brain Principles
As the human brain searches for order in the patterns of the world, and knowledge and skills are acquired through experience, learning naturally occurs. Brainbased learning recognizes the need for constructing knowledge by reorganizing
complex, prior conceptions into new knowledge through questioning and readjusting knowledge to fit with real-life experiences (Gardner, 1991). Renate and Geoffrey
Caines’ mind/brain principles (2006) provide a theoretical justification for brainbased learning, including the learning of science. Each principle will be explored in
greater depth throughout Brain-Compatible Science.
Principle 1. The brain is a complex adaptive system.
Principle 2. The brain is a social brain.
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Principle 3. The search for meaning is innate.
Principle 4. The search for meaning occurs through “patterning.”
Principle 5. Emotions are critical to patterning.
Principle 6. Every brain simultaneously perceives and creates parts and wholes.
Principle 7. Learning involves both focused attention and peripheral perception.
Principle 8. Learning always involves conscious and unconscious processes.
Principle 9. We have at least two ways of organizing memory.
Principle 10. Learning is developmental.
Principle 11. Complex learning is enhanced by challenge and inhibited by threat.
Principle 12. Every brain is uniquely organized.
Brain-based learning is an approach to education which, when integrated
throughout educational systems, will most certainly redefine current practices of
teaching, learning, assessing, and designing curriculum.
In one of his numerous books, Brain-Based Learning (2000a), Eric Jensen integrated what is known about the human brain with educational practices. Jensen
included success strategies to increase motivation, meaning and recall. He defined
a brain-based approach as “learning in accordance with the way the brain is naturally designed to learn” (p. 6). A brain-based approach encourages educators to
consider the way the brain works when making educational decisions. “By using
what we know about the brain, . . . we can reach more learners, more often and
with less misses. Quite simply it is learning with the brain in mind” (Jensen, 2000a,
p. 6). Although Jensen cautioned educators not to base a school on brain-based
learning research alone, to ignore the findings would be irresponsible (Jensen,
2000b).

Nine Essential Classroom Strategies
Mid-continent Research for Education and Learning (McREL) researchers have
identified nine brain-compatible, instructional strategies that are most likely to
improve student achievement across all content areas and grade levels. Many of
these strategies featured in the book Classroom Instruction That Works by Robert
Marzano, Debra Pickering, and Jane Pollock (2001), will be explained more thoroughly throughout the book Brain-Compatible Science, Second Edition. The nine strategies are:
•
•
•
•
•
•
•

Identifying similarities and differences
Summarizing and note taking
Reinforcing effort and providing recognition
Homework and practice
Nonlinguistic representations
Cooperative learning
Setting objectives and providing feedback

© 2008 Hawker Brownlow Education CO5681

xix

FM_Mangan-45038.qxd

xx

8/31/2006

4:00 PM

Page xx

BRAIN-COMPATIBLE SCIENCE

• Generating and testing hypothesis
• Cues, questions, and advance organizers

Brain-Based Science Classrooms
“How does the brain learn science?” asked John Holloway (2000), and “Can we
improve student achievement in science by using new knowledge about learning?”
Holloway continued with a review of research advocating a constructivist approach
to enhance conceptual growth and a positive classroom atmosphere providing an
environment conducive to brain-compatible science learning. Holloway presented
the research of Anderson and Stewart (1997), who concluded that teachers in brainbased science classrooms encourage students to articulate theories; elaborate on
responses; ask thoughtful, open-ended questions; reflect on experiences; and predict
future outcomes. These teachers tune into student misconceptions and provide wait
time during class discussions. They empower students by encouraging student
autonomy, leadership, and interaction. They encourage student initiative by allowing student thinking to alter the course of a lesson. Holloway also reviewed the
research of Pinkerton (1994), who experimented with teaching techniques to make
his science classroom more brain compatible. Pinkerton discovered that his students
learned better when they were actively engaged in long-term, thematic projects featuring enriched language and alternative forms of assessment.
Lawrence Lowery (1998) stated that “although the individual constructs basic
knowledge through experience, the quality of the construction depends on how well
the brain organizes and stores the relationships between and among aspects in the
event” (p. 27). The brain constructs knowledge by taking in data through the body’s
five senses. Interest, prior knowledge, and richness of the environment determine
how constructions develop in a student’s brain. Hands-on science activities activate
student interests and stimulate connections in the brain to promote new scientific
understandings.
Today, thoughtful schools and school systems are engaged in systemic
changes whereby new curriculums, especially in mathematics and science,
are a fundamental component of those changes. And the array of quality,
research-based curriculums is continuing to grow as scientists, mathematicians, and educators work together to study learning and improve the ways
by which important ideas are taught. (Lowery, 1998, p. 30)
Entering the twenty-first century, changes in science are imminent. Growth and
change in science education must follow suit to ensure a healthy future for our
world.
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