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Introduction

Systems theory says that natural wholes, such as organisms, are dynamic and complex entities, consisting of many interacting parts, and that the parts may be themselves lesser wholes, such as cells in an organism. It says that biological entities should be considered as open systems, which means that they have an input and out put of matter, energy and information. It also says that in biological systems several levels of biological organisation can be recognised, e.g. organism, organ, cell, molecule. And finally it says that biological systems are non-equilibrium systems in which existing structures and their functions may disappear and new structures with new functions may emerge. Since the introduction the General System Theory by Von Bertalanffy (1968) systems theory got incorporated in the reasoning patterns of many biologists and scientists from other disciplines (Gray & Rizzo, 1973). That means that biologists (and others) frequently apply systems models in studying biological phenomena. This capability of applying systems models  is since then indicated as systems thinking, and should be considered as a competence (Boersma & Schermer, 2001).

About ten years ago systems thinking as a competence was included in the Dutch biology examination syllabuses for upper secondary schools as a domain specific skill. However, school book writers, supported by curriculum developers (Buddingh’ et al., 1992; Voogt et al, 1992) and researchers (Buddigh’, 1997; Kamp, 2000), restricted their attention to the concept of homeostasis. This concept was elaborated in the new exameniation syllabuses (Ministerie van Onderwijs, Cultuur en Wetenschappen, 1998) in a subdomain called ‘Homeostasis in the human body’, although relations between systems sthinking and homeostasis are not indicated. Consequently, nowadays homeostasis is implemented as a topic in text books, classroom practice, and examinations, while systems thinking is neglected in text books and examinations, and only few biology teachers put it  into classroom practice.

Our current research programme focuses on the full potential of systems thinking in secondary education. The basic assumption is that systems thinking can be considered as a metacognitive tool (Schaefer, 1989) that enables students, biology teachers and curriculum developers to structure already available biological knowledge and to generate new biological knowledge (Ramadas & Nair, 1996). 

Systems thinking is not only characteristic for biologists’ reasoning patterns. We consider it as one of the most relevant competences of a biology curriculum that might reduce the acquisition of a large quantity of biological facts, and enhances the development of coherent biological knowledge. The Royal Netherlands Academy of Arts and Sciences (Biologische Raad, 2003) has recently indicated that lack of coherence is a major issue to be adressed in revising an innovating biology curricula. 

Systems thinking requires conceptual knowledge derived from the three different system theories oncepts that were successively developed in the 20th century: (1) Von Bertalanffy’s General System Theory (Von Bertalanffy, 1968), (2) Cybernetics (Wiener, 1948; Ashby, 1956), and (3) the Dynamic Systems Theory (Thelen & Smith, 1994), including chaos theory and theories of complexity (e.g. Jantsch, 1980; Prigogine & Stengers, 1984; Cohen & Stewart, 1994). Each of these theories refers to different system properties. The General Systems Theory emphasises the hierarchical structure and open nature of biogical systems, cybernetics their regulation and (temporarily) equilibrium states, and the dynamic systems theory the changes of biological systems in time (ontogeny and evolution). Since all three perspectives are relevant in secondary education, it seems desirable to introduce students to the basic concepts of all three system perspectives, and to learn them to choose a systerms perspective according to their applicability in specific cases.  In all three system perspectives specific models are used that express specific systems properties. However, since systems thingking is considered as a metacognitive tool, the characteristics of systems thinking are not only the selection and application of all three systems perspectives, but also backward and forwards thinking between biological phenomena and systems models. Table 1 shows which systems concepts may be relevant for systems thinking in upper secondary biology classes. 
Tabel 1. Systems concepts for systems thinking in upper secondary biology classes (after Boersma & Schermer, 2001).

	1. General Systems Theory

· system boundary

· open system, with input and output of matter, energy and information

· levels of biological organization (biosphere, ecosystem, organism, organ, cell, organelle, molecule) and their interrelationships 

· cycles of matter and transfer of energy 

2. Cybernetics

· feedback, regulation and homeostasis 

3. Dynamic Systems Theory

· the emergent nature of behavior of biological systems 

· development of biological systems 

· evolution of biological systems


To test the assumption that systems thinking enables students, biology teachers and curriculum developers to structure already available biological knowledge and to generate new biological knowledge two PhD studies were executed, on which we will reflect here. Both studies were aiming at the development of domain-specific learning and teaching strategies. 

In the first study a learning and teaching strategy (LT strategy) was developed to overcome the abstract and complex nature of genetics and to promote the acquisition of a meaningful and coherent understanding of hereditary phenomena in upper secondary biology education (Knippels, 2002). In this study the hierarchical organization of biological systems in levels of organization was used to cope with the complex nature of genetics. That means that the concept ‘levels of biological organization’ was used by the researcher as a tool in defining and structuring learning and teaching activities.

The second study (Verhoeff et al., 2002; Verhoeff, 2003) aimed at the development of a LT strategy in terms of acquiring both a coherent conceptual understanding of the cell as a basic and functional unit of the organism, and the competence of systems thinking. That means that in this study systems thinking was not only used as a tool for developing coherent cell biological knowledge, but also as a desired learning outcome.

In both studies the content component of the LT strategy is based on concepts belonging to the domains of genetics or cell biology, and the most basic concepts from the General Systems Theory (table 1). The learning theoretical components of the strategies were based on the so-called problem posing approach (Klaassen, 1995; Lijnse & Klaassen, 2003). The strategies consist of a sequence of learning and teaching activities (LT activities) in which both components are intertwined, which means that both components can be recognised, but not separated any more. 

The problem posing approach can be characterised as a strategy for guided reinvention (Freudenthal, 1991), since students reinvent the learning outcomes as defined by the teacher or curriculum developer, guided by the teacher and/of learning materials. In this approach a sequence of learning and teaching activities starts with an explorative activity, aimed at stating a meaningful problem, the activation of students’ prior knowledge, and the introduction of a corrresponding steering question. The steering question should provide students a global motive and a sense of direction of the lessons to come. From the steering question a first partial question is derived that is answered by accomplishing a first LT activity. However, the accomplishment of this learning activity evokes also a content related, local motive which engages students in the next activity of the sequence. This emerging motive is expressed as a new partial question. The sequence is repeated several times, until the desired learning outcomes are attained. In the problem posing approach the development of ongoing content related motives in the students is considered as a prerequisite for their uninterrupted learning process and the attainment of the desired learning outcomes. 

The major difficulty in developing a problem posing structure is the development of an appropriate steering question and partial questions that correspond with evoked content related motives. It requires thinking from the perspective of the student, and experience learns that meaningful questions should be developed botton-up, by testing and rephrasing drafts. An implication of this approach is that a topic or concept should only be intruduced when students had the opportunity to develop a motive that can make it meaningful. Consequently, when the development of systems concepts is aimed, as in the second study, it is necessary that students develop a content related motives that makes its introduction desirable.

Both LT strategies were developed by means of ‘developmental research’ (Lijnse, 1995), which conforms largely with ‘formative research’ (Walker, 1992) and ‘design experiments’ (Cobb et al., 2003). In developmental research theory driven, creative and practicable solutions to LT problems are designed in an iterative consultation with a limited number of experienced biology teachers. Researchers and teachers co-operate in developing and testing the LT activities in classroom settings. The design of the two studies is indicated in figure 1.
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Figure 1. Design of developmental research with an explorative phase and a cyclic research phase,aiming at the development of LT strategies (Boersma et al., 2002).
In each study drafts of the LT strategy were elaborated in scenario’s and corresponding LT materials. Data (observations, protocols, interviews and work sheets) were collected and analysed in order to review the LT strategy, and to establish if the desired learning outcomes were attained For more details about the research design and methods of data collection and analysis the reader is referred to Knippels (2002) and Verhoeff (2003).

The abstract and complex nature of genetics

The learning and teaching strategy, coping with the abstract and complex nature of genetics, carefully deals with the genetics key concepts per level of biological organisation, in particular reproduction, meiosis, and inheritance on the organismic and cellular level. Through sequencing these key concepts according to their level of biological organization, the abstract nature of genetics was reduced. In addition special attention was payed to the relation of concepts, both per level of biological organisation (horizontal coherence), and between levels (vertical coherence). The strategy enables students to explore the key concepts in co-operative and active learning settings and to articulate what they do and do not understand yet. The problem posing structure of content related partial questions succeeds in providing students motives to undertake a next learning activity, in which another key concept on a the samen or another level of biological organisation is explored. The learning and teaching strategy enables students to acquire the competence of thinking backward-and-forward between the organismic, cellular, molecular and population levels of biological organisation and to relate the genetics concepts on these levels. This competence accounts for the effectiveness of the strategy in terms of coherent conceptual understanding of hereditary phenomena. Because of the analogy of the strategy with the toy yo-yo it was called the yo-yo learning and teaching strategy for genetics.
The steering question of the learning and teaching strategy for genetics was: What makes you look like your parents, without being identical to them? The strategy followed the levels of biological organisation. By starting on the organismic level, students developed a motive to descend to the lower levels of biological organisation. The LT strategy consists of five problem posing cycles, and a final meta-reflection phase (Table 2) (Knippels, 2002). 

Table 2.  The problem-posing cycles of the yo-yo strategy for genetics (CQ = central question; PQ = partial question) (after Knippels, 2002).

	Cycle


	Questions

	
	CQ     What makes you look like your parents, without being identical to them?



	Cycle 1. Organismic level: hereditary features and reproduction
	PQ1   What distinguishes sexual from asexual reproduction?



	Cycle 2. Cellular level: cells, cell division and chromosomes
	PQ2   What structures are being passed on in the asexual and sexual reproduction mechanism?



	Cycle 3. Embedding the cellular processes in the life cycle (linking the concepts on the cellular level with those on the organismic level)
	PQ3   How do mitosis and meiosis fit in the life cycle of multi-cellular organisms?

	Cycle 4. Cellular level: linking genes, chromosomes and cell division processes
	PQ4   How do chromosomes determine the different hereditary trait in an organism? 



	Cycle 4a.

Intermezzo, cellular level
	PQ4a How unique is an individual’s genetic make-up?



	Cycle 5. Molecular level
	PQ5   How do genes work ?

 

	Meta-reflection phase
	Which levels of biological organisation have been transected in succession and what is the added value of thinking backward and forward between these levels ?




The strategy consists of two intertwined partial structures, the genetics content structure and a problem posing structure, both embedded in a third component, a number of levels of biological organisation. Since levels of biological organisation play an important role in many biological topics, it could be argued that the yo-yo LT strategy may be suitable for all biological topics covering different levels of biological organisation, e.g. evolution, ecology, and behaviour. That means that by deleting the genetics content structure a general yo-yo learning strategy can be derived that may be applied for structuring other biological topics. For that reason it is relevant to discuss more in detail the problem posing structure. First we will elaborate the structure of the problem posing cycles, and second we will relate the problem posing cycles to the levels of biological organisation.

Each cycle consists of four steps (Figure 2). Every new cycle starts with the formulation of a partial question to be explored and answered through the next learning activities. In the reflection step (4) of the problem posing sequence the partial question posed at the beginning of the learning activity will be answered; so there is feedback to step 1 (4a). Subsequently, the answer to this partial question is linked with all the previous steps (partial questions) on the higher levels of biological organisation, in order to verify to what extent the central question has been answered (4b). By linking the answer on the partial question with the steering question the students experience what they understand and not understand yet, which evokes a new motive to take a next step in the learning sequence. The evoked motive is  formulated as a new partial question. With this new partial question the next sequence of four steps starts (4c). 


	4c. Formulation of new PQ; Willingness to search for the answer.
	1. Partial question (PQ) and motive to explore and answer the PQ.

	
	2. Information and/or investigation

	
	3. Application

	
	4. Reflection

	4a. Answer PQ.

	
	
	4b. Link answer with all the previous steps (PQ’s) on higher levels of biological organisation and verify to what extent the CQ is answered at this point.

	
	
	4c. Experience what is and what is not understood yet. Results in:

-  Formulation of a new PQ (1.),
-  Willingness (motivation) to look for deeper understanding (search for answer to new PQ).
	Next cycle of four steps.

1. New partial question (PQ) and motive to explore and answer the PQ.


Figure 2.
The structure of the reflection step and its position within the problem posing cycle. The arrows show the feedback and linking within one cycle as well to the previous partial question (PQ) and the central question (CQ) (after Knippels, 2002).

While going through these successive problem posing cycles in the yo-yo LT strategy for genetics, students gradually descend from the organismic level to the cellular level and finally to the molecular level. The feedback loops to the central question via the previous partial questions in the reflection stage correspond with ascending the levels of biological organisation that occur. The essence of ‘yo-yo-ing’ is not only returning to the partial question to be answered at that moment, but also coming back to the previous partial question(s) (on the higher level(s)), i.e. ascending (figure 3). In descending the levels of biological organisation none of the levels should be skipped. 

In the yo-yo LT strategy for genetics the starting and anchor point is the organismic level, from where the levels can be descended to the celluar and molecular level, and ascend  (yo-yo downwards), but also ascended to the population and community level and descended (yo-yo upwards). Per level of biological organisation one or several complete problem posing cycles can be executed, depending on the number of key concepts and questions per level. However, per level at least one complete cycle has to be executed, because none of the levels should be skipped. The general outline of the yo-yo LT strategy is depicted in figure 3.
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Figure 3 .
Schematic representation of the yo-yo LT strategy: descending and ascending the levels of biological organisation by means of the problem posing cycles, each consisting of four steps (after Knippels, 2002). 

The cell as a system

In the second study a LT strategy was developed in which systems thinking, defined by the concepts ‘open system’ and ‘levels of biological organisation’ (General System Theory), was introduced as a metacognitive tool for students. Since it is necessary, according to the problem-posing approach, to develop a content-specific motive for systems thinking, a specific biological topic was needed as a vehicle. It was decided to select cell biology for several reasons. Cell biology is usally introduced early in upper secondary biology education. An early introduction of systems thinking in upper secondary biology education would be attractive, since it offers students the possibility to profit the entire curriculum from the benefits of systems thinking. Furthermore, the cellular level is well defined and sequently it avoids discussions on ill-defined system boundaries (as in tissues and ecosystems). And finally research literature on difficulties students are facing with cell biology shows that the most serious problem seems to be the lack of coherence of their cell biological knowledge. That means that the combination of cell biology and systems thinking could test the claim of systems thinking that it favours  the development of coherent biological knowledge. For that reason we aimed in this study at the development of an adequate LT strategy for acquiring both a coherent conceptual understanding of the cell as a basic and functional unit of the organism, and the competence of systems thinking.

The question how systems thinking and cell biology should be related was discussed for a long time. Would it be preferable to start with the introduction of systems thinking and to apply it to cell biology? The advantage of this approach would be that students could experience directly the benefits of systems thinking for the development of coherent cell biological knowledge. However, the  problem of this approach seemed to be that it would be difficult to develop a content-specific motive for systems thinking. The other way around, starting with the development of coherent cell biological knowledge, succeeded by the introduction of systems thinking, would also have its disadvantages. It would not offer students the possibility to apply it in developing coherent cell biological knowledge. Furthermore, the question how to develop a content-specific motive for the introduction of systems thinking, was not answered either in this approach. Why would students need the concept ‘system’ and would the use of the familiar concepts ‘organism’ or ‘cell' no longer be adequate? Finally it was agreed upon that a reasonable motive for introducing the concept ‘ systems’ would be if students would discover that structures and processes at different levels of biological organization could be abstracted to the same model. It was decided that modelling should be a central issue in the LT  strategy. 

The LT strategy consists of one problem posing cycle in which six microcycles were distinguished. It shows that problem posing cycles can be defined at different scales. In this respect it differs from the yo-yo strategy, only showing  problem posing cycles comparable with the microcycles. The yo-yo strategy as such was not recognised as  one problem posing cycle on a larger scale.  

Another aspect in which the strategy differed from the yo-yo strategy is that it does not descend from the organismic level to the cellular level. Descending from the organismic level was already accomplished in the preceding unit on growth and development. Furthermore, finding a central question that related to students everyday knowledge at the organismic level seemed difficult for a disciplinarily defined topic like cell biology, compared with more thematic topics like heredity. Therefore a central steering question was introduced within the context of growth and development. This enabled a smooth transition towards the cellular level. However, it must be noted that although the second microcycle addressed the cellular level, it could also be argued that it started on the organismic level since it was based on investigating unicellular organisms. Since the topic of the strategy was restricted to the cellular level, and acquiring coherent understanding of cell biology was an important aim, it was decided not to engage students in several phases of ascending and descending between the levels of organisation. In a number of microcycles the cellular level is nevertheless related to the organismic level. The organismic level is introduced several times as a preparation to systems thinking, since two levels of biological organization were considered necessary to provide the students with a content-specific motive in microcycle 4. For the same reason the organismic level is already introduced in the second microcycle by discussing free-living cells (Mycoplasma and Paramecium) performing all basic functions of life. Hereby the analogy is made with multicellular organisms. The problem-posing microcycles of the learning and teaching strategy for the cell as a system are indicated in Table 3.

Table 3.  The problem posing microcycles of strategy for the cell as a system ( CQ= central question; PQ = partial question) (after Verhoeff, 2003).

	Microcycle


	Questions

	Cycle 1. Global orientation on cell biology
	CQ   To what extent are our body cells different from free-living cells?

	Cycle 2. Developing a 2-D model of free-living cells
	PQ1   What are the general characteristics of autonomous cells?

PQ2   How do free-living cells fulfil the basic functions of life?

	Cycle 3. Application of the developed 2-D model to cells as part of an organism
	PQ3   Does the general model of free-living cells also apply to cells that are part of an organism?

PQ4   How does the cell as a functional unit of an organism fulfils the basic functions of life?

	Cycle 4. Building a 3-D model of a plant cell
	PQ5   How does the cell as a functional unit of an organism fulfils the basic functions of life?

PQ6   To what extent did the process of modeling help us in answering the central question?  

	Cycle 5. Explication of systems thinking
	PQ7   In what respect are cells and the body as a whole mutually dependant?

PQ8   How are multicellular organisms organized?

	Cycle 6. Application of the systems model to breast feeding
	PQ10 What is the added value of a systems model in biological phenomena like breast-feeding? 


The first aim of the study that students would develop a coherent understanding of the cell as a basic and functional unit of the organism, was accomplished by applying implicitly a systems model to cell biology.This made it possible to address both horizontal coherence and vertical coherence. Horizontal coherence refers to coherence between concepts or structures on the same level of biological organization, while vertical coherence refers to coherence between different level of organization.  

The second aim of the study that students would acquire systems thinking as a metacognitive tool seemed to be premature. The strategy was successful, however, in introducing systems thinking, and applying it to another topic (breast feeding). This was accomplished by several modeling activities. Table 3 shows that modeling occurs in four microcycles. In microcycle 2 students are developing a 2D-model of free-living cells, which is applied in microcycle 3 to cells as parts of multi-cellular organisms. The development of cell models is completed in microcycle 4 in which students build a 3D-model of a cell. The last step in the modeling process is executed in microcycle 5, where the students explore human digestion by modeling structures and processes at the organismic, organ and cellular level by means of a computer-aided program. By abstracting structures and processes at all three levels of biological organisation students discover that the three levels can be described by means of the same systems model (Figure 4). Finally the nested open-system model is applied in microcycle 6 to the topic breast-feeding. 

Figure 4. Hierarchical open open systems model of a multi-cellular organism, developed by means of the computer-aided program (after Verhoeff, 2003).

 
In the LT strategy described above three modeling phases were recognised (Figure 5):

A. modeling of concrete cells to a 2-D model of the cell (microcycles 2 and 3)

B. constructing a 3-D large scale model of the cell (microcycle 4)

C. modeling visual representations of the organismic, organ and cellular level to a general systems model (microcycle 5)

It should be noticed that modeling phases A and B resulted in coherent cell biological knowledge, and that modeling stage C was building on modeling stage A in developing a general systems model in stage C. The aim to develop a general systems model was not explicitly addressed until the students were engaged in modeling stage C. 

Figure 5.  The learning trajectory from prior knowledge towards the 3-D model and the hierarchical  systems model via intermediate models.



Conclusions and implications

The PhD study on genetics showed that the yo-yo learning and teaching strategy for genetics successfully copes with the complex and abstract nature by explicitly distinguishing the levels of biological organisation, by descending and ascending these levels starting from the concrete organismic level, and by interrelating phenomena and concepts on the different levels. Explicating the levels makes transparent to students that genetics covers various levels of biological organisation. The genetics vocabulary is carefully tuned to the specific level students are dealing with at that moment, which helps to reduce learning difficulties. 

Considering its success it was suggested that by exchanging the genetic content structure, it is possible to develop strategies for other abstract and complex biological topics like evolution and metabolism. The only prerequisite seems to be that the topics do cover different levels of biological organisation. 

The yo-yo learning and teaching strategy may not only have implications for the structuring of other abstract and complex topics, but also for the definition of biological topics as such. Several topics of our biology curriculum in upper secondary schools, like cell biology, behaviour, and traditionally also genetics, are limited to only one level of biological organisation. The question is if the development of coherent biological knowledge is not promoted if biological topics are defined in such a way that they include at least two levels of biological organisation and at least the organismic level. By doing so the biology curriculum would reflect the international trend that in biological research the levels of biological organisation are increasingly integrated, and it offers us the possibility to show our students that biology in the 21th century is the science of complexity. 
Summarizing, we believe that the main conclusion of the study on genetics is that the yo-yo strategy may be an attractive metacognitive tool for teachers and curriculum developers.

The second study showed that it is possible to develop a motive for systems thinking by integrating and explicating systems thinking in a LT strategy about cell biology. Moreover the study indicates how systems thinking can be introduced in upper secondary education and supports the assumption that systems thinking enables students to acquire coherent understanding of biological phenomena by adressing both horizontal and vertical coherence. The claim that our strategy would result in the desired competence was premature. Acquisition of systems thinking demands that it pervades the entire biology curriculum, which means that the tool should be explicitly used when other biological topics such as evolution, behaviour and metabolism are dealt with. These topics have in common the integration of knowledge of processes and structures on several levels of biological organisation. 

Both studies support our assumption that systems thinking enables students to structure already available biological knowledge and to generate new biological knowledge. However, it should be taken in account that this function only can be attained if the tool is introduced in a LT strategy putting emphasis on the development of a motive for systems thinking. Accepting systems thinking as a major competence for upper secondary biology students, it will be evident that both studies have implications for the content and structure of the biology curriculum. Our proposal for emphasizing systems thinking is in accordance with the recently published advice of the Biological Council of the Royal Academy of Arts and Sciences (Biologische Raad, 2003). The Biological Council proposed a focus on the development of coherent biological knowledge, among others by selecting a limited number of key concepts, and by applying these concepts in different contexts. This advise warrants our proposal that in upper secondary biology education a considerable amount of time should be spent to the development and application of systems thinking.      

Both PhD studies contribute to the development of a biology curriculum with a strong focus on systems thinking. Based among others on the two studies it becomes possible to sketch some building blocks on systems thinking, that can be elaborated in four intertwing curricular lines. We propose to recognize the following four building blocks

1. The cell as a system: development of the concept open system (1): relation between the organismic and cellular levels of biological organisation; input, throughput and output (General Systems Theory) (Verhoeff, 2003), and applied to topics covering various levels (Knippels, 2002), including the molecular level.

2. Regulation and homeostasis: development of the concepts regulation, feedback, homeostasis (or dynamic equilibrium) (Cybernetics) (Buddingh’, 1997; Kamp, 2000) on the organismic level, extended to other levels of biological organization including the ecosystem level (Boersma & Schalk, 2002).
3. The ecosystem: development of the concept open system (2): relation between the organismic and ecosystem level of biological organisation; input, throughput and output (General Systems Theory); extended with the concepts regulation, feedback, homeostasis (or: dynamic equilibrium) (Cybernetics), and applied to topics covering various level, including the molecular level. 
4. Development and evolution: development of the concepts development, evolution, and emergent properties on the organismic and population levels of biological organisation (dynamic systems theory), extended to the other levels of biological organisation, including the cellular level.
References

Ashby, W.R. (1956). An introduction to cybernetics. London: Chapman & Hall Ltd.

Bertalanffy, L. von (1968). General System Theory.New York: Braziller.

Biologische Raad (2003). Biologieonderwijs: een vitaal belang. (Biology education: a vital interest.). Amsterdam: Royal Netherlands Academy of Art and Sciences.

Boersma, K.Th. (2000). Verscheidenheid in eenheid. (Diversity in unity). Paper NIBI/NVON-conferentie 14-15 januari 2000, Lunteren. 

Boersma, K.Th., Knippels, M.C.P.J., Verhoeff, R.P., Waarlo, A.J. & Van Weelie, D. (2002). The contribution of developmental research to the improvement of science education. Paper IPN/SYG symposium 9–11 May 2002, York.

Boersma, K.Th. & Schalk, H. (2001). Homeostase in het biologieprogramma (Homeostasis in the biology curriculum). Niche 32(6),  27-29.
Boersma, K.Th. & Schermer, A.F.K. (2001). Ontwikkeling van biologieonderwijs in de 21e eeuw. (Development of biology education in the 21st century.)Tijdschrift voor Didactiek der β-wetenschappen, 18(1), 19-40.

Buddingh’, J. (1997). Regulatie en homeostase als onderwijsthema: een biologie didactisch onderzoek. (Regulation and homeostasis in biology education: a field study) Utrecht: CDß-Press.

Buddingh’, J., Kamp, M.J.A. & Voogt, P.A. (1992). Geregeld overleven. Lesmateriaal voor bovenbouw vwo. (Regulated surviving. Learning and teaching materals for pre-university education.) Enschede: SLO. 

Cobb, P., Confrey, J., DiSessa, A., Lehrer, R. & Schauble, L. (2003). Design Experiments in Educational Research. Educ. Researcher, 32 (1), 9-13.

Cohen, J. & Stewart, I. (1994). The Collapse of Chaos. Discovering Simplicity in a Complex World. New York: Viking. 

Freudenthal, H. (1991). Revisiting mathematics education: China lectures. Dordrecht: Kluwer Academic Publishers. 

Gray, W. & Rizzo, N.D. (Eds.) (1973). Unity Through Diversity. A Festschrift for Ludwig von Bertalanffy. New York/ London/ Paris: Gordon & Breach Science Publishers.   

Janssen, F.J.J.M. (1999). Ontwerpend leren in het biologieonderwijs (Learning biology by designing.). Utrecht: CDß-Press.

Jantsch, E. (1980). The Self-organizing Universe. Scientific and Human implications of the Emerging Paradigm of Evolution. New York: Pergamon Press. 

Kamp, M. (2000). Centrale concepten in het curriculum. Het voorbeeld homeostase in het curriculum van de bovenbouw vwo. (Core concepts in the curriculum: homeostasis as an example) Thesis Katholieke Universiteit Nijmegen.

Klaassen, C.W.J.M. (1995). A problem-posing approach to teaching the topic of radioactivity. Utrecht: CDß-Press.

Knippels, M.C.P.J. (2002). Coping with the abstract and complex nature of genetics in biology education. The yo-yo learning and teaching strategy. Utrecht: CDß-Press.

Lijnse, P.L. (1995). ‘Developmental Research’ as a way to an empirically Based ‘ Didactical Structure’ of Science. Science Education, 79 (2), 189-199.

Lijnse, P. & Klaasen, K. (2003). Didactical structures as an outcome of research on teaching-learning sequences? Int. J. Sci. Educ. Research (accepted for publication).

Ministerie van Onderwijs, Cultuur en Wetenschappen (1998). Examenprogramma’s profielen havo/vwo. Natuurwetenschappelijke vakken (Examination syllabuses for science in upper secondary education.). Zoetermeer: Ministerie van Onderwijs, Cultuur en Wetenschappen.

Prigogine, I. & Stengers, I. (1984). Order out of Chaos: Man’s New Dialogue with Nature. New York: Bantam.

Ramadas, J. & Nair, U. (1996). The system idea as a tool in understanding conceptions about the digestive system. Int. J. Science Education, 16, 3, 355-368.

Schaefer, G. (1989). Systems thinking in biology education. Science and Technology Education Document Series 33. Paris: UNESCO.

Verhoeff, R.P., Waarlo, A.J. & Boersma, K.Th. (2002). Towards a learning and teaching strategy for cell biology from a systems theory perspective - an interim report of a developmental research project. Paper Eridob 2002, Toulouse, October 22-26.

Verhoeff, R.P. (2003). Systems thinking in cell biology education. Utrecht: CDß-Press (in press).

Voogt, P.A , Kamp, M.J.A. &. Buddingh’, J. (1992). Het leven geregeld. Een lessenserie voor 4 vwo over regelingen in het menselijk lichaam. (Regulated Life. A series of lessons about regulation in the human body in upper secondary education.) Enschede: SLO. 

Walker, D.F. (1992). Methodological issues in curriculum research. In Jackson, P. (Ed.). Handbook of research on curriculum (pp.98-118). New York: MacMillan.

Wiener, N. (1948). Cybernetics. New York: Wiley.







Step 1 to 4





Theoretical & practical orientation





Step 1 to 4





Theoretical & practical orientation





Explorative phase





Cyclic research phase





1st research cycle research cycleccyclecycle





2nd research cycle





case study 1





case study 2





LT-strategy 1





LT-strategy 2





LT-strategy n








Theoretical & practical orientation





Domain-specific philosophy of learning & teaching





Step 1 to 4





Theoretical & practical orientation





Central steering question (CQ)











.





organism, organs, 


and cells 





Cell and cell organells











biological phenomenon





applying





building





testing





testing





expressed


cell models





real cells





expressed 


models of phenomenon 





Hierarchical systems model  (M4)





elaborating





expressed


cell models





revising 





expressed


cell models 





real cells 





General cell model (M2)





Students own model (M1)





3-D model (M3)





Prior knowledge about cells and the basic life- functions





real cells 





  A





B





C








PAGE  
15

