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  Preface

  A NEED FOR CHANGE

  Although a challenging, exciting, and relevant science education for all American students is a national goal, quality science programs are missing in many classrooms. Something is very wrong when Americans consult tarot cards and astrologers, believe far-fetched tabloid stories of aliens abducting earthlings, and do not understand how the Earth revolves around the Sun (Hampton & Gallegos, 1994). Sadly, votes cast by these same Americans affect major environmental policies and technological decisions. With society becoming increasingly more dependent on scientific and technological skills, Americans lacking these skills will be severely handicapped for living and working in the twenty-first century.

  Science is a creative pursuit that has changed the way teachers view the universe and inspired a need to explore that continually alters the process and quality of human life. Science is an ever-changing process, not simply a collection of facts. Science allows us to experience the excitement and richness of the natural world. In Science for All Americans, F. James Rutherford and Andrew Ahlgren (1989) discussed the need for a standard set of recommendations on what understandings and ways of thinking are essential for all citizens in a world shaped by science and technology:

  
    Education has no higher purpose than preparing people to lead personally fulfilling and responsible lives. For its part, science education—meaning education in science, mathematics, and technology—should help students to develop the understandings and habits of mind they need to become compassionate human beings able to think for themselves and to face life head on. It should equip them also to participate thoughtfully with fellow citizens in building and protecting a society that is open, decent, and vital. America’s future—its ability to create a truly just society, to sustain its economic vitality, and to remain secure in a world torn by hostilities—depends more than ever on the character and quality of the education that the nation provides for all of its children. (Rutherford & Ahlgren, 1989, p. v)

  

  Today’s children will rely on science and technology more than people do today for jobs, communication, food, health care, energy, and the protection of the environment. The future of the world will someday be in the hands of the children.

  METAPHORS FOR REFORM IN SCIENCE EDUCATION

  Students need constant and rigorous exposure to new ideas and methods of thinking as society continues to move toward a new educational paradigm. Many teaching, learning, and assessing strategies and curriculum frameworks are still rooted in the seventeenth century, the Newtonian Age of machines and precision. Newtonian strategies in schools may need to be reassessed, and perhaps replaced, with more modern strategies, reflecting an infinitely more complicated and nonlinear worldview. This is not to imply the elimination of Newton’s teachings from science curricula. On the contrary, Newtonian physics still provides the groundwork for much of modern science, and it will always remain central to the scientific knowledge base. While science educators continue to embrace Newton’s scientific contributions, the research in this book suggests that educators need to move beyond the Newtonian paradigm to discover a new paradigm more in keeping with the twenty-first century.

  With reform in science education a major goal for educators, Brain-Compatible Science is intended to offer a glimpse of where that reform could be headed. The application of chaos theory and new science concepts to construct metaphors of change in science education just might motivate teachers to discover new ways of thinking about teaching, learning, assessing, and designing science curriculum. Chaos theory with its incredible metaphors of order emerging out of chaos brings new vigor into science education, creating a new way of viewing old problems. Looking deeply into the unpredictable randomness of these contemporary theories, science educators may find new patterns, meaning, and direction to revitalize their teaching. A redirected vision for the future, a holistic new framework for brain-compatible science, and a more productive way of viewing the earth and the universe could emerge.

  PUTTING BRAIN-BASED LEARNING TO WORK IN THE SCIENCE CLASSROOM

  Brain-Compatible Science defines and summarizes essential principles of chaos and new science theory, using them to organize a review of the most recent reform in science education and brain-based learning research. Six chaos and four new science principles are explored to discover their implications for teaching, learning, assessing, and designing curriculum for brain-compatible science education. The book is most appropriate for teachers of grades 3–8, although many of the lesson plans and assessment ideas can be easily adapted for younger or older students.

  Also included in the book are numerous lesson plans, science labs, reproducible student handouts, a lesson plan guide, assessment rubrics, checklists, lab reports, and even cooperative group roles for the science classroom. Everything that a science teacher needs to be effective and current can be found within the pages of this book. Best practices in science education are discussed, with topics including:

  •   Brain-based learning theory

  •   Gender equity

  •   Cultural diversity and changing classroom demographics

  •   Classroom management

  •   Multiple intelligences theory

  •   Constructivist learning

  •   Science inquiry

  •   Higher-level thinking strategies

  •   Alternative forms of assessment

  •   Curriculum integration

  •   Cooperative learning

  •   Community in learning

  •   Guiding principles and values

  The Introduction provides an overview of the old and the new science, which creates the impetus for reform in science education. The Introduction also introduces chaos theory and the new sciences, the major reform initiatives in science education, and brain-based learning theory. Following the Introduction, the book is divided into two major sections, Chaos Theory and New Science Principles, and the third section summarizes the implications of chaos theory and new science principles for teaching, learning, assessing, and designing curriculum. At the back of the book is a glossary to define the chaos theory and new science terminology.

  Although much of the current thinking in chaos theory and the new sciences, as well as the latest knowledge of brain-based learning, parallels the recurrent themes found in the science education reform literature, no scientific evidence and very few studies exist to date to determine if there is a one-to-one correlation between the dynamics at an atomic level and human dynamics. Many of the images and metaphors discussed in Brain-Compatible Science are based on complicated, nonlinear equations and scientific principles that are beyond the scope of the research purpose.

  Each chapter in the first two sections includes the following:

  •   Background information to introduce, define, and discuss the chaos or new science principle

  •   Implications of chaos or new science principle for brain-compatible science featuring best practices in science education

  •   A detailed science lesson featuring chaos and new science theory

  •   Additional lessons, assessments, and surprises

  •   Concept Web, which includes a summary of the implications for science education and additional lesson ideas

  •   Navigating the Road to Change in Science Education chart comparing three paradigms for science education:

  – Too Much Order: a traditional, conservative view

  – On the Edge: the preferred view fostering creativity, growth, and renewal

  – Too Much Chaos: an unstructured, liberal view

  The 10 featured lessons include the following components:

  •   Grade level appropriateness (grades 3–8, adaptable for others)

  •   Chaos or New Science Connection providing background

  •   Curriculum Connection

  •   Targeted National Science Education Standards

  •   Objectives

  •   Materials needed for the activity

  •   Preactivity discussion to prepare students for the activity

  •   Procedure providing step-by-step instructions for the teacher

  •   Closure to appropriately wrap up the lesson

  •   Questions and extensions to pursue the topic in greater depth

  •   Technology Connection suggesting possible Web sites to visit

  The 10 featured lesson plans, along with other ideas presented in this book, are designed to incite a paradigm shift in science education. The lesson plans are suitable for integration into existing science curricula, and although they contain references to chaos theory and the new sciences, the intent is not to teach chaos theory directly or to imply that chaos theory principles belong in science curricula. Certain elements of the principles may be appropriate, however, and certainly could be offered as enrichment alternatives for interested students, or the principles could simply be viewed metaphorically as a means of motivating educators to embrace changes in their vision of what embodies quality science education.

  A PARADIGM SHIFT

  The paradigm shift from a textbook-driven program to a process-oriented science curriculum has been a gradual evolution, disquieting for some, energizing for others, and not without the usual frustrations that accompany change. During my years in the science classroom, a growing number of teachers have plunged wholeheartedly into the new science education paradigm. Although I see a significant change overall, many teachers, especially those in elementary classrooms, still prefer the old way.

  Too little preparation and collaboration time, difficulties obtaining supplies, lack of confidence, not enough ongoing staff development in science, and the school structure itself hinder many teachers’ ability to initiate a more expeditious change. Pulled in many directions, teachers must compact lessons for gifted students; individualize instruction for learning disabled (LD) students; integrate technology into their teaching; and work around gym, art, and music schedules. Add in their regular correcting, planning, grading, disciplining, and conferencing, and today’s teachers never have enough time! As teachers continue to learn and evolve together, I hope that new ideas for science teaching, learning, assessing, and designing curriculum will emerge, and that somehow the process will simplify.

  Moving into the twenty-first century, the wondrous images of chaos theory may provide science educators with fresh insights and offer a new sense of direction for science education. As we search for contemporary strategies to rejuvenate curriculum and inspire learning, and as we invent new ways of teaching and assessing our children, I believe that we have much to learn from chaos theory principles. The haunting metaphors and computer-generated fractals have already changed the way I think about the world and my role as a science educator. I hope that my insights, serving as a “strange attractor,” will inspire others to do the same.
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  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 all-embracing 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.

  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.

  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 pattern-seeking 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, self-organizing 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-through-competition 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:

  •   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 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.

    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:
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