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1. Introduction

This conference was convened to discuss the many issues involved in beginning or extending the use of Inquiry-Based Science Education (IBSE) in the secondary school. In many countries IBSE is being implemented in a proportion of primary schools (schools for children up to the age of 11/12). In some cases this has resulted from projects initiated through the IAP science education programme which has been promoting inquiry-based teaching and learning in primary schools since 2004. Other initiatives pre-dated the IAP programme and have provided materials, training and experience to support developments in other countries. One of the reasons for extending IBSE into secondary schools is to provide some continuity in the experience of students as they move through school. There are many other good reasons for this extension, however, which were expounded in the conference. Equally there are many challenges to be met in making the necessary changes in secondary school science practice. These were well articulated in the conference and evident in the brief accounts of the situation and of on-going work in 12 of the38 countries represented at the conference, which are to be found on the conference website (https://www.wellcometrustevents.org/ibse).
In preparation for the conference a background paper was produced, informed by a Eurolatinamerican workshop held in Santiago, Chile, in January 2010. This report builds on the background paper and begins in the same way, making clear what is meant by IBSE and why it is important that it is implemented in secondary as well as in primary schools. It then considers what changes may be needed in secondary science education if all students are to have the benefits of learning through inquiry, the challenges in making these changes and how these challenges can begin to be addressed. The final section presents the conclusions and recommendations agreed by the conference participants.
2. What does inquiry-based science education mean for students and teachers?

What we mean by IBSE for students can be expressed in terms of the process and outcomes of learning about the world around. It is a process of developing understanding which takes account of the way in which students learn best, that is, through their own physical and mental activity. It is based on recognition that ideas are only understood, as opposed to being superficially known, if they are constructed by students’ through their own thinking about their experiences. In the classroom these experiences include direct observation and investigation of materials and phenomena, consulting information sources such as books, experts, the internet and discussion with others in which ideas are shared, explained and defended. This learning will involve the development and use of skills of observation, raising investigable questions, planning and conducting investigations, reviewing evidence in the light of what is already known, drawing conclusions and communicating and discussing results.
It is also recognised that deep learning depends on students’ full engagement in experiences from which they can develop their understanding. Engagement, in turn depends on the extent to which experiences hold interest, have perceived relevance and provide enjoyment and even excitement, for students.

Teachers have a key role in this process. What teachers do is dependent not only on their skills, but also on their knowledge, dispositions, attitudes, values and interpersonal capacities. This goes beyond what is usually meant by ‘teaching’ and is more accurately referred to as pedagogy in its widest meaning, including both the classroom acts and the ideas and values that inform them
.
Inquiry is not limited to the understanding of objects and phenomena that can be directly manipulated. If this were the case it would exclude using inquiry to learn about a number of phenomena which are part of students’ everyday experiences and the subject of their curiosity and questions – such as the apparent changing shape of the Moon and movement of the Sun. An essential feature of inquiry is the use of evidence from observations of such phenomena in deciding the best explanation, that is, the one that best fits the data available. The explanation may be in terms of a physical or theoretical model of which the parts can be manipulated to make predictions which are then compared with observations of the phenomena. In using models it is important to preserve the connection between observations and parts of the model, recognising that students often interpret models to fit their own ideas. 
Having made the point that the subject matter does not limit the use of inquiry, it is also important to recognise that school science does involve learning things which have to be known about rather than understood. Manipulative skills of using equipment and measuring instruments, conventions, symbols and names, require direct instruction. The important point is to ensure that this knowledge facilitates inquiry and does not replace it. It is essential to use inquiry where the aim is to develop understanding.
3. Why IBSE?

The case in favour of IBSE becomes clear from considering what we want to achieve through science education. In order to prepare students for the demands of twenty-first century life it is widely accepted
 that science education should enable students to develop key science concepts (big ideas) which enable them to understand the events and phenomena of relevance in their current and future lives. Students should also develop understanding of how science ideas and knowledge are obtained and the skills and attitudes involved in seeking and using evidence. Science education, together with students’ education in other disciplines, should develop awareness of what it means to learn and the desire to continue learning, as is essential in our rapidly changing world. 

In summary, through their science education students should develop:

· understanding of fundamental scientific ideas

· understanding of the nature of science, scientific inquiry, reasoning 

· scientific capabilities of gathering and using evidence

· scientific attitudes, both attitudes within science and towards science
· skills that support learning throughout life

· ability to communicate using appropriate language and representations, including written, oral and mathematical language.
An inquiry approach to science education is widely advocated as being capable, if well implemented, of achieving these aims to a far greater degree than traditional approaches. The position is summed up by Alberts (2009):
We believe passionately in the power of science to create a better world, as well as in the critical importance for everyone in society of the values and attitudes that science demands of scientists: honesty, a reliance on evidence and logic to make judgments, a willingness to explore new ideas, and a skeptical attitude toward simple answers to complex problems. But very little of this is conveyed to students in our teaching (Alberts 2009).
Many of the reasons for implementing IBSE in the primary school, the focus of the first five years of the IAP science education programme, also apply to secondary schools science. One reason follows from experience and research showing that the development of scientific ideas, skills and attitudes begins in the earliest years and is well advanced by the time students leave primary school. During the primary years children are forming ideas about the natural world whether or not they are taught science at school. Without experiences to guide the formation of these ideas, children form their own ideas which are often in conflict with scientific ones. The longer these non-scientific ideas are left unchallenged, the harder it is for children to change them, even in the light of conflicting evidence. So it is essential to ensure that young children are able to develop the skills and habits needed to test ideas and use them to create better understanding of events and phenomena in the world around. Moreover they enjoy investigating and finding things out and such experiences can be the basis of positive attitudes towards science. The success of implementing IBSE in primary schools has been borne out by both formal evaluation
 and informal reports. 

Similarly older students also have pre-existing ideas
 about how scientific phenomena are explained and about the processes of scientific inquiry. Experiences which enable them to adopt more scientific ideas than their naïve theories must take account of how learning with understanding takes place. IBSE involves students working in a way similar to that of scientists, developing their understanding and challenging their preconceptions by collecting and using evidence to test ways of explaining the phenomena they are studying. This has the promise of fostering positive attitudes towards science, making it real and exciting and creating the emotional response that focuses interest and attention
. It also includes reflection on what has been learned so that new ideas are seen to be developed from earlier ones and the process of learning is made explicit.
A further reason relates to continuity in the experiences of science as students enter secondary education. Those who have learned science through inquiry would be disappointed to find that they have to learn in a very different way. The reaction of many is likely to be disengagement, a reduction of effort and development of a more negative attitude to science and even to school. Continuity in all aspects is not necessarily the aim, as we see later, since young people like the stimulation of change, enjoy new challenges and want to be treated as more mature. But this desirable discontinuity should not be at the expense of progression in learning or finding that science education is an entirely different activity from their earlier experiences.

4. Challenges to current practice

The way of learning that is captured in the notion of IBSE is in considerable contrast with what is often found in secondary school science lessons. For instance, research in 2007 conducted in the UK
, where laboratory work is considered to be more common than in many countries, reported that students found science boring, largely because, although they prefer to work in groups
, they mostly experience whole-class teaching. One reason for this – lack of equipment – indicates a narrow view of inquiry, for productive inquiry work need not always involve equipment, but can engage groups of students in considering alternative ways of explaining events, planning investigations, or working out how to interpret data from others’ experiments
. 
Even when practical work does take place it often involves all groups doing the same things, following precise instructions. This gives some relief from whole class listening but does not add greatly to conceptual understanding. The National Research Council review of high school practical work
 found that it was not playing the part in science education that was intended. For example, in New York State, where laboratory work is required, it was included only because of the possibility of laboratory reports being inspected. Research showing that undertaking practical work at school does not correlate with performance in university physical science courses
 is a disincentive to including it in secondary school courses. The role of practical work is considered further in discussing pedagogy (p10).
Research into students’ liking for science as compared with other school subjects is given greater significance by the current recognition of the relevance of emotional response in learning.
 According to survey results reported by Dillon
 at the conference, agreeing that interesting things are learned in science and that science is useful does not lead to liking it as compared with other subjects or to wanting to become a scientist. The students in this survey were at the end of primary school and in early secondary school (ages 10 to 14) but were already looking away from science in terms of their future activity.
 
Classroom observations suggest that the teaching experienced by the students expressing boredom was characterised by few open-ended questions, little discussion of ideas and general lack of intellectual challenge. Reasons given by teachers for teaching in this way were: the overloaded curriculum, which meant that they did not feel there to be time for in-depth treatment of ideas; the ‘tyranny of testing’; and in some cases lack of expertise in particular sciences, usually physics and chemistry. 
IBSE holds out the promise of engaging students more productively, of giving them opportunity to enjoy science and find it rewarding. Implementation of IBSE in primary schools has resulted in science being the most-liked subject,
 whilst in many secondary schools it quickly becomes one of the least liked.

4.1 What needs to change?
Science education has the potential to serve the needs of individuals and of society. As noted in an earlier report of the IAP science education project,
 a basic grasp of key ideas in science and about science enables learners as individuals to understand aspects of the world around them. Not only does this serve to satisfy and to stimulate curiosity but helps in their personal decisions relating to their health, their interaction with the natural environment and their choice of career. Benefits to society follow from individuals and groups making more informed choices about, for example, use of energy and resources and actions that affect their and others’ wellbeing. It is clearly important for all students to gain this understanding, not just the minority who will continue study to become scientists, technologists and engineers. 
Research shows that science education in secondary schools, as currently widely practised, fails in a number of ways to enable these benefits to be realised. At the same time, as noted earlier, there is wide support for the view that they can be achieved through an inquiry-based approach to teaching and learning science.
 However, implementation of IBSE will require some fundamental changes particularly in:
The curriculum content 

Science education pedagogy

The relevance of content to students’ interests and everyday lives 
Curriculum organisation and scheduling
The form and use of assessment and testing. 

These are all interconnected and in combination amount to a change in the culture within schools. Indeed, in a presentation at the conference, Shuler
 described the change needed as a ‘change in social norms analogous to many health issues that require long-term and complex strategies’. Making a similar point, Rowell pointed out that such change could not take place without a better and more widespread understanding of how IBSE is characterised and how it links to the achievement of the ideas, skills and attitudes that we want students to develop. In other words, change must go beyond what individual teachers, departments and schools can do. Action to meet these challenges is also needed by the authorities responsible for the curriculum and assessment.

We now look at these challenges in more detail and report insights from the conference on how to meet them. 

5. Meeting the challenges
5.1 The curriculum content 
The content is one of several aspects of the school curriculum perceived by teachers as limiting their opportunities to use an inquiry-based approach. Others, considered later, are the form in which it is expressed and how science lessons are organised in the school timetable. The content is often criticised for being overloaded, containing too many apparently unconnected items to be taught; lacking horizontal coherence and vertical continuity. The inclusion of each item might well be justified in some way but there is no obvious overall idea to which they are linked and there is no evident progression. The overload is often compounded by the content being expressed as a number of items ‘to be taught’, indicating a transmission approach to teaching and dictating the study of topics without regard to relevance to students. As a result, many students feel that they are being ‘frog-marched’ across the scientific landscape
 and experience a lack of control over their learning. Not only do teachers feel pressure to ‘cover the content’ but find no incentive to focus on developing inquiry skills in their students. 
5.1.1 Identifying big ideas
Conference participants were unanimous in calling not just for a reduction in the curriculum content but less focus on learning names, terms and facts and more on understanding key ideas in depth. There was widespread support for the view that what is needed to enable IBSE implementation is a curriculum that is expressed in terms of a relatively few key, or ‘big’, ideas. These are ideas that are built up through study of specific phenomena appropriate to students at different points in development and which can be seen by teachers, and increasingly by students as they mature, to be related to the key overall ideas. As well as identifying these key explanatory frameworks, the curriculum should also include ideas about the nature of scientific activity and knowledge. There are various statements of such ideas. One example,
 provided to conference participants, proposes that the curriculum should enable students to understand that:

· All material in the Universe is made of very small particles

· Objects can affect other objects at a distance
· Changing the movement of an object requires a net force to be acting on it
· The total amount of energy in the Universe is always the same but energy can be transformed when things change or are made to happen 

· The composition of the Earth and its atmosphere and the processes occurring within them regulate the Earth’s climate 

· The solar system is a very small part of one of millions of galaxies in the Universe

· Organisms are organised on a cellular basis

· Organisms require a supply of energy and materials for which they are often dependent on other organisms

· Genetic information is passed down from one generation of organisms to another

· Evolution is responsible for the diversity of all organisms, living and extinct.

In addition, there are ideas about the nature of scientific knowledge, how it is created and how it is used, that also form part of the key ideas that students need to understand, for instance, that:

· Science assumes that for every effect there is a cause, or multiple causes. 
· Scientific explanations, theories and models are those that best fit the facts known at a particular time 

· The knowledge produced by science is used in technologies to create products to serve human ends 

· Applications of science often have ethical, social, economic and political implications.

Of course these ideas cannot be taught as such. They need to be developed progressively from smaller ideas derived from specific activities. Problems of over-prescription arise when they are specified in terms of a plethora of facts and terms to be learned. Then there is danger of links to the overall ideas being lost, leaving a fragmented curriculum which is well described by Alberts as ‘an inch deep and a mile wide’ 
. The links can more easily be retained and reinforced by expressing the curriculum in terms of interconnected ideas, as suggested by Millar and Osborne
 and represented in the Big Ideas report cited above. A curriculum set out in such terms would allow teachers freedom to help students develop their understanding through studying topics and problems of relevance to students.
5.1.2 Transfer from primary to secondary school

The aim is for the big ideas to develop progressively as students move through their school lives in primary and secondary school. Through a process of inquiry and sharing with others, the ideas that students have about the world around should progress from the ‘small’ ideas – about particular events and objects – to become ‘bigger’ ones which explain a range of phenomena. At various points in the course of schooling, however, there are moves for students from class to class and school to school which can interrupt this progress. The move from primary to secondary school frequently means a discontinuity in ways of learning which can negatively affect performance and attitude in relation to science
. 

Students move from primary to secondary education at a time when most are in early adolescence when maturation of the body and brain
 brings physical, emotional, cognitive and social changes. When these coincide with change in school – moving from what is generally a small school, where classes stay together in the charge of one teacher, to a large school with separate subjects taught by different teachers – the impact on students can be unsettling. Friendship groups may be broken as primary children move to different schools or are placed in different classes in the ‘big’ school. There will also be greater emphasis on performance and taking responsibility for meeting expected standards. 

The effect of this cocktail of changes has been blamed for the dip in both performance and attitudes towards school subjects that has been well documented over many years in many countries. Researchers in England
 estimated that around 40% of pupils failed to make the expected progress in the year after transfer from primary to secondary school and for some there are significant losses. Such findings are also reported from many western countries. In relation to attitudes, studies carried out in England
 show that boys’ attitudes to science dropped significantly after the transfer to secondary school and continued to drop during the first year after transfer. The same pattern was found for girls but starting from a lower level. In subsequent years attitudes to science continued to decline but notably less so when learning through practical activities.

Other reasons for the decline in achievement and attitudes have pointed to lack of communication between teachers in primary and secondary schools, when the latter are unaware of, or ignore, what the children have learned in primary school. Thus there is often repetition of work already done, disappointing the eager new students who expected science to be exciting and novel. 

Actions of various kinds have been taken to smooth the experience at transfer in the hope of reducing the dip in attainment and attitudes. These actions are usefully divided into ‘pastoral’ and ‘academic’. Pastoral actions include meetings with parents, visits of pupils to their transfer schools, visits of teachers from transfer schools to primary schools and ‘buddying’ arrangements for pupils in their new schools. More emphasis on academic actions in recent years has brought meetings of teachers from primary and secondary schools and sometimes teacher exchanges, post-transfer induction programmes, and ‘bridging units’. Bridging units in science are ideally produced by primary and secondary teachers working together to plan units of work which are started in the primary school and continued after transfer to the secondary school. They have been evaluated with positive results but also with warnings that they be can viewed by both teachers and students as holding up engagement with the ‘proper’ science. It appears that many students look forward to new work in a new environment. This is not an argument for an abrupt change but to suggest that an element of discontinuity that marks passages from childhood to early adolescence
 is not necessarily a problem and can be part of a ‘careful management of change’.

Experience of implementing IBSE in primary schools underlined the importance of enlisting the support of parents and the local community. Given that the IBSE approach may be very different from that experienced by the students’ parents in their education and conflicts in some ways with the popular view of what learning science means, communicating reasons for making changes and explaining how the goals of science education will be met is important in implementing IBSE in secondary schools. As adolescents commonly become more distant from their parents this communication is even more important at secondary than at primary level.

5.2 Science education pedagogy

5.2.1 IBSE pedagogy

Some conference participants asserted that pedagogy is more important than content in enlisting interest and motivating learning. The teaching approach certainly has a central role in providing what students consider to be relevant learning experiences. Learners rarely find something interesting if they do not understand it. Thus teaching for understanding – the aim of inquiry-based education – requires attention to the plea of students for greater relevance. In IBSE students work in groups, use their own ideas but have to support them with evidence and argument, develop their vocabulary and apply their learning. In secondary schools these activities should be implemented in ways that respect students as young adults and give them some control over their learning. 
The IAP science programme has developed over the five years of its activities a list of things that teachers have to do to enable students to learn through inquiry:

· ask questions that require reasoning, explanations and reflection, and show interest in the students’ answers

· provide opportunities for students to encounter materials and phenomena to explore or investigate at first hand

· arrange for discussion of procedures and outcomes as well as practical investigations in small groups 

· encourage, through example, tolerance, mutual respect and objectivity in small group and whole class discussion

· provide access to alternative procedures and ideas through discussion, reference to books, resources such as the Internet and other sources of help

· set challenging tasks whilst providing support (scaffolding) so that students can experience operating at a more advanced level

· encourage students through comment and questioning to check that their ideas are consistent with the evidence available

· help students to record their observations and other information in ways that support systematic working and review, including the use of conventional representations and appropriate vocabulary
· encourage critical reflection on how they have learned and how this can be applied in future learning.

Behind these statements are implicit judgements that these are valuable actions that lead to valuable learning. In other words, they refer to pedagogy, taken in its broadest meaning as including values and justifications for teaching actions. Teachers are more likely to do the things listed here if they are convinced of the value of students having first-hand experience of investigating and observing phenomena, working collaboratively in groups, talking and arguing, and so on. Thus teachers who currently teach predominantly by following a text book, whole class working and emphasising knowledge of facts, will be faced with making some considerable change in their view of what teaching means as well as in classroom techniques if they are to implement IBSE.

The pedagogical content of initial teacher education and professional development has to do more than help teachers with the techniques of questioning, managing practical work, holding group and whole class discussions, etc. It should also convince teachers of the value of these techniques, which is best done through personal experience. Teachers and trainees need to have opportunity to experience for themselves the value of questioning and trying to answer questions through inquiry.
 The hope that teachers are more likely to convey a view of science as inquiry if they have taken part in genuine scientific research for themselves is behind professional development programmes which provide research experience for teachers. Evaluation of the impact of such programmes is, however, mixed, with those having initially better understanding of teaching and learning benefiting most.
It is not enough to provide experience of inquiry. It is also necessary for teachers to reflect on the experience and how it is to be shared with students.
5.2.2 Practical work

Practical work in a laboratory or classroom is assumed in many countries to have an important role in science education. But it does not always meet expectations. At the conference, Millar defined practical work as ‘any science teaching and learning activity in which the students observe and/or handle the objects or materials they are studying’ and identified its function, in theory, as being to link ‘hands on’ to ‘minds on’. Teachers take it for granted that practical work has value, but researchers have found that ‘as practised in many countries it is ill-conceived, confused and unproductive’
. A review of research
 reported that practical work had little impact on students’ understanding. In relation to practical skills, the research indicates that students are better at using equipment and carrying out practical procedures if they have had opportunities to practice doing these, rather than just being shown how to do them. However, findings concerned with inquiry skills were inconsistent. Millar identified different types of effectiveness of practical work and described an instrument for analysis of particular practical activities that can be used to improve effectiveness. He concluded that teachers should make sure that there are a few well defined objectives for practical activities: that students are thinking about what they are doing, why they are doing it and not just following instructions, or routines, and that the links between theory and what is observed are explicitly discussed. 

However, there are many changes needed beyond those within the classrooms of individual teachers if IBSE is to be implemented in a school. Even if they value inquiry-based teaching, individual teachers can feel powerless in the face of obstacles created by the content and the scheduling of the school curriculum and by the nature of the tests and examinations they must help their students to pass. We return to these matters later. 
5.2.3 New technologies and IBSE

The impact of new technologies on science education pedagogy was touched upon briefly in the conference. It was acknowledged that the use of technologies has dramatically changed the way in which students can capture evidence, find information from secondary sources, and display findings. It enables them to access museum collections from the classroom; it allows them to collect more data than before, over a longer timescale, through automated devices. It gives opportunities to communicate and exchange data with other students and scientists across the world. These things can take place in any science lesson. The question is whether or not these technologies can enhance learning through inquiry. 

There is no doubt that ICTs can enrich students’ experience, but what matters in learning is what sense students are making of these experiences; whether they can form effective links between new information and ideas or be used in testing models developed by the students. Thus in addition to using ICT for making better measurements and observations and extending access to other information, it is its role in supporting learning through inquiry that needs to be developed. It is also important to bear in mind that: 
· Computer simulations can be useful in relation to dangerous or inaccessible processes or events, but can never replace real laboratory activity and field work. The direct observation of things in the natural world remains essential to science.

· Communication through the written word via computers or mobile ‘phones cannot replace the direct sharing of experience and ideas through talk, discussion and argumentation. The immediacy of talk has a different role in learning than asynchronous communication through computers.
This last point was reinforced in the conference by frequent reference to the value of students working in groups and forming their ideas collaboratively. If they work only alone they are missing an important contribution to their understanding from fellow students. This point was illustrated by the experience of a mathematics professor at a US university
 who noted that his African-American students were consistently performing at a lower level than comparable Chinese students. He tested various hypotheses about the causes, such as family support, motivation, income and preparation and, finding no support for them, he studied their study habits. He observed that the African-American students studied by themselves while the Chinese students spent at least a third of their study time discussing their work in groups. He helped the African-American students to study in groups and after a period of time their results of improved to a level comparable with the Chinese students.
Thus it is important that arrangements for study, whether or not assisted by computers, avoid isolating learners from each other. The aim to produce life-long learners, who understand what is involved in learning, should be seen as the development of autonomy rather than independence in learning.

5.3 Relevance of the content as seen by students

Absence of relevance is a common complaint of students about their science lessons and a reason for lack of desire to continue studying science beyond school. What is seen as relevant by teachers and other adults may not be perceived as such by young people. Relevance can have various meanings in this context. It may mean ‘surface’ interest, or that curiosity is aroused, or that there is evident application beyond the classroom. There is a difference between relevance of the subject matter of a topic, on one hand, and the skills and understanding being developed, on the other. The latter may not be taken into account by learners in judging relevance. What students perceive as what they are learning – and whether they see it as worth learning – will be influenced by the topic and context in which the skills and knowledge to be developed are embedded. For instance, finding the density of an object by weighing it in air and then in water may not be seen as engaging in itself, but may become so in the context of the story of the life of Archimedes of Syracuse or set as a problem to solve in the investigation of fake coins. 

Relevance can also mean ‘real’ in the sense of being part of life. Visits to work places, such as factories, laboratories, farms and recycling plants, where science and technology are used enable students to see the applications of science in producing the food, medicines, clothes, utensils and equipment that we use in everyday life. Similarly, field studies in the natural environment provide experiences which give studies of habitats, climate and interdependence a meaning in real terms. Conference participants also mentioned summer camps and the role that scientists can have in making the link between school science content and real life. Visits or on-line discussion with scientists or technologists working in various fields, such as communications, food or sport, can help students to recognise why they need to understand key ideas. It is particularly useful for students to hear about the application of science in topics which they do not normally consider to involve science. 
The interests of adolescents are different in many ways from the interests of primary school pupils. They are also mixed and contradictory, influenced by the physical, emotional, neurological and social changes taking place at puberty. So, their interests will be very much centred on themselves, on their appearance, diet, sport, music and their relationships with their peers. At the same time, their developing ability for abstract thinking and their rapid cognitive development bring interest in local and global environmental issues, such as conserving energy, recycling, and protecting endangered species. These developments provide challenges but also opportunities for curriculum developers and teachers to use contexts that motivate engagement in learning science. 

This was one of several occasions during the conference where the potential role of academies of science and academicians was mentioned. Experts have the power to enthuse students and their broad vision of their subject enables them to express complex ideas in simple terms and through analogies. They are a valuable resource for students and teachers.

5.4 Curriculum organisation 

An obvious feature of the topics that interest young people is that they involve several science disciplines. This is not surprising since real life, the key reference in this context, is complex and requires interdisciplinary study. The conference presentation by Wei Yu
 distinguished between multidisciplinary and interdisciplinary study. In many countries students study the main science disciplines throughout compulsory schooling. How this is organised varies considerably; it may be through separate study of biology, physics and chemistry, sequentially or in parallel, or through an integrated approach combining all three. Separate study is least likely to provide opportunity for students to bring together their learning in the different science disciplines. However, even within a supposedly integrated approach there is often more separation of topics into biology, physics and chemistry than the title suggests. Interdisciplinary study, by contrast, requires the application of knowledge and understanding of more than one discipline in another. However, it presents a problem for teachers who, though trained in one science, find themselves needing expertise in others. 
5.4.1 Teachers’ knowledge 

Fear that group and class discussions could take them beyond the comfort zone of their subject knowledge can affect teachers’ pedagogy and limit students’ opportunities for sharing and defending their ideas. Need for expertise across the sciences, as is likely to be required for topics that particularly engage students – such as relating to forensic science, sport science, music mixing and recording – may deter some teachers from giving students opportunities for extended investigations. As in the case of primary teachers,
 those who lack confidence in their subject knowledge tend to use teaching methods that confine students’ activities to ones that are ‘safe’ and often impoverish students’ learning opportunities, relying heavily on a text book, emphasising expository teaching, underplaying questioning and discussion, and avoiding using any equipment that might ‘go wrong’. 
It is unrealistic to expect teachers to have expertise across all science disciplines, but it should be possible for them to have access to help where they need it. Perhaps the most immediate means of providing this is through science teachers working in teams (as illustrated in the presentation by Goodrum), contributing their particular knowledge in planning topics and helping with questions and problems that arise as students’ work progresses. Teamwork has value in itself in counteracting the isolation teachers often feel. The mutual support among members of a team also helps in relation to finding solutions to problems that may arise in using as inquiry-based approach. Again, conference participants noted a role for science academies in supporting teachers’ confidence in work which is outside their area of expertise. 
5.4.2 Scheduling IBSE

The freedom to use methods of inquiry is partly controlled by the time available for science and how that time is scheduled. The organisation of the school timetable presents an obstacle when, as is often the case, it provides no extended periods where students can study topics in depth or engage in problem-finding, problem-solving and reflection. A series of short lessons may suit methods aimed at memorisation, but not inquiry-based teaching. What is needed – and it should not be too difficult to arrange given the will – is for science to be scheduled in 2 or 3 consecutive lesson, allowing the teacher to use this time for extended inquiries on a regular basis. Arrangements of this kind were described in her conference presentation by Shuler as an example of best practice in secondary science education. In a school for science and technology in Virginia, the class schedule for four days of the week was divided not into the usual eight periods of 45 minutes a day, but only into four periods of 90 minutes. 
This may not be feasible in schools which do not focus on science and technology but since there are other subjects which could benefit from longer blocks of time it ought to be possible to arrange for all students to have opportunities for sustained inquiries on sevejral occasions during the school year. For instance, the timetable could be suspended for several days each half semester, to allow students, in groups supported by teams of teachers, to work on long-term projects that can be continued if appropriate throughout the year. The experience of teamwork among students is itself an important feature of learning about the nature of scientific activity and longer periods of time enable them to become more engaged, creative and reflective in their activities.
5.5 Assessment and testing 

Among the several factors that can influence teaching methods, by far the greatest influence comes from the forms of student assessment that are used. All assessment will influence what is taught and how it is taught to some extent. Indeed this is one of the intentions of formative assessment and why it has a key role in helping learning, providing feedback to the teacher and student to inform the pace and next steps of learning. 
5.5.1 Formative assessment

Formative assessment, or ‘assessment for learning’, as it is also called, engages students in their own learning through a cyclical process in which information about students’ ideas and skills informs on-going teaching. It involves the collection of evidence about learning as it takes place, the interpretation of that evidence in terms of progress towards the goals of the work, the identification of appropriate next steps and decisions about how to take them. It is an essential part of inquiry, helping to regulate teaching and learning processes to ensure progression in learning with understanding. It is also central to enabling students to acquire ownership of their learning, one of the key features of genuine understanding. Ownership requires that students know the goals of their work and the quality criteria to be applied so that they can themselves assess where they are in relation to the goals. This puts them in a position to identify, with their teachers, the next steps in their learning and to take some responsibility for progress towards the goals.
Assessment only has a formative role if the information gained is used, which means that teachers have to be prepared to adapt their teaching accordingly. Introducing formative assessment is likely to require a considerable change in pedagogy, just as in the case of inquiry-based teaching. Indeed, full implementation of inquiry involves the use of formative assessment so that information is gathered about relevant aspects of students’ learning processes and achievements. The aims of inquiry-based teaching and formative assessment also coincide in helping students to take some responsibility for their learning, requiring teachers to have the confidence to give some control to students.
Secondary teachers have less time to get to know their students than do primary teachers, although their more mature students are more readily engaged in discussing the goals and criteria for judging quality. Both primary and secondary teachers, however, need help in the form of well-tried strategies which they and their students can use. Strategies for translating the theory of formative assessment into practice have been developed by researchers working with working with teachers.
 These strategies and other procedures suggested by conference participants include:

· providing students with ways in which they can signal whether they feel confident in understanding their work or need help (for instance, by using traffic light coloured cards or objects)

· opportunities for group discussion so that students can share and check their ideas with their peers
· students preparing oral presentations and answering questions from their peers

· examples of types of questions to stimulate students’ use of inquiry skills

· teachers selecting students randomly to answer questions, rather than only those who offer to answer, thus encouraging all to think and be ready to answer
· teachers sharing with students the criteria used in analysing students’ reports or note books so that they can evaluate their own work as it progresses and use the information to improve it
· teachers providing feedback, orally or in writing, that is non judgemental and indicates how the work can be improved.
5.5.2 Summative assessment

Teachers often encounter pressure to produce marks and grades on every piece of work. Marks and grades are appropriate for summative assessment but not capable of providing formative feedback. It should be recognised that summative assessment has a different role from formative assessment in students’ education, as a regular but infrequent event. By checking up, summarising and reporting what has been learned it enables progress to be monitored by teachers, students, parents and others. It is no less important than formative assessment but its impact can be less positive, depending on what is assessed, how it is assessed and how the results are used. These factors are not independent of each other. For example, when the results of assessment are used for important decisions affecting the student or the teacher this influences the form and content of the assessment.

Results for individual students are used within the school for monitoring their progress, record keeping, reporting to parents, the students and other teachers, for career guidance and perhaps for grouping or setting. The results may also be used by agencies outside the school to select students for college or university or to award qualifications. These uses directly affect the individual student to some degree, sometimes having the potential to influence their future learning and so having ‘high stakes’ for the student.

In addition to using student assessment results as information about each as an individual, the aggregated results of summative assessments for groups of students are used both within and outside the school. These uses affect students more indirectly through the decisions made about, for instance, policies, programmes and use of resources. More controversially, aggregated results may also be used by agencies and authorities outside the school for accountability, for setting targets and for evaluating teachers, schools, local or district education authorities according to whether such targets are met. This use can lead to unfairness if students’ performance is the only information used in evaluating the school, regardless of other factors. Using national test results in this way and for monitoring trends in achievements over time within and across schools, districts and across a whole system is also problematic. The information from a test given to every student is limited to the sample of the subject domain that any one student can reasonably be expected to take. This sampling error reduces the validity of the tests. The validity is increased by using a larger number of items which cover the domain more thoroughly, as in surveys such as PISA and TIMSS
 where different items are given to different samples of students.
When the results of test and examinations are used to set targets for teachers and schools this makes them ‘high stakes’ for the teachers even though they may not have high stakes for the students. The higher the stakes – whether for students, teachers or both – the greater is the tendency to focus teaching on what is assessed to ensure maximum success. It is also the case that high stakes means that the reliability, or accuracy, of the assessment is emphasised in the interest of fairness. This leads to a preference for formal tests and examinations, especially the forms which are described as being more ‘objective’ than, say, methods based on judgments of teachers, even though these may provide a more complete picture of students’ attainment. Further, efforts to increase the reliability of a test mean that the sample of items included in a test will favour those items that can be most consistently marked – those requiring factual knowledge and using a closed format (multiple choice or short answer) – and the exclusion of those requiring application of knowledge and more open-ended tasks more suited to assessing understanding. Conversely, attempts to increase validity by widening the range of items, say by including more open-response items where more judgement is needed in marking, will generally mean that the reliability is reduced.

As well as teaching to the tests high stakes testing leads to students spending time practising tests. The impact on students is to promote a view of learning as product rather than process
 and is particularly de-motivating for lower-achieving students who are constantly faced with evidence of their failure. These impacts are more serious given the narrowness of what is tested. Defining what science education means in this way ‘is a great tragedy, inasmuch as it trivializes education for young people’
.
For these various reasons many current tests and examinations do not give valid information about progress and attainment in relation to the aims of IBSE. It is urgent that action is taken; otherwise the assessment regime will be a constant brake on attempts to implement IBSE in secondary schools.

One course of action would be to replace at least some summative tests by moderated assessment by teachers. This has the advantage of ensuring alignment of the assessment with the curriculum aims, since teachers have access during teaching to information about the full range of skills, knowledge and understanding that are the goals of the inquiry-based curriculum. It has the further advantage of using data that teachers collect during teaching and which they can use to help learning, thus serving both formative and summative assessment purposes. However, implementing this course of action successfully would require extensive professional development, clarification of criteria and procedures for standardising and moderating teachers’ judgments. Although these processes all have benefits for practice, they are part of a longer-term solution. Meanwhile a more immediate course of action would be to improve the tests and examinations being used. As was pointed out by participants the instruments used in PISA surveys provide good examples of items that assess a range of inquiry skills, critical evaluation of evidence and the application, rather than the recall, of scientific ideas and principles. A further change could be made by requiring, as part of the examination, one or more extensive inquiries carried out by students during the school year.

6. Conclusions and recommendations
In the final session of the conference participants discussed a first draft of conclusions and recommendations. After this discussion a revised list was prepared and circulated to all participants Further changes were made in the light of comments, resulting in the following list.

6.1 Conclusions

1. The consensus of the participants in this conference is that the scientific knowledge, understanding, skills and attitudes needed by all students, regardless of whether or not they will proceed to further study or employment in science-based occupations, are best developed through inquiry-based science education (IBSE) which begins in the primary school and continues throughout the compulsory years of schooling. 
2. IBSE means students progressively developing key scientific ideas through learning how to investigate and build their knowledge and understanding of the world around. They use skills employed by scientists such as raising questions, collecting data, reasoning and reviewing evidence in the light of what is already known, drawing conclusions and discussing results. This learning process is all supported by an inquiry-based pedagogy, where pedagogy is taken to mean not only the act of teaching but also its underpinning justifications.
3. IBSE offers the opportunity to foster enjoyment and interest in scientific activity and increase understanding of the world, as is necessary for every individual to make informed decisions affecting their own wellbeing and that of society and the environment. Further, an inquiry-based approach can help to reverse the decline in many countries in the number of students interested in science, which is currently threatening to endanger the general level of scientific understanding needed as society becomes increasingly dependent on the applications of science and technology.

4. Since the phenomena and questions students meet in the context of daily life cut across the disciplines of science, the experiences gained from an inquiry-based science education should reflect the interdisciplinary nature of scientific activity and the content of science. 
5. Effective implementation of IBSE in the secondary school (for pupils aged 11/12 to 15/16 years) is different from, and to some extent more challenging than, implementation at the primary level on account of several constraints, in particular:

a. overcrowded curricula, which are mainly oriented to factual knowledge;

b. the form and nature of most summative testing, including university entrance examinations, which do not sufficiently reflect the objectives and outcomes of IBSE;

c. the limitation of teachers’ knowledge, understanding and confidence across scientific disciplines;

d. the lack of understanding of the value of IBSE within the current tradition of secondary science education;

e. the impact on classroom life of the physical, psychological and emotional changes taking place at adolescence.
6.2 Recommendations

6. The long-term aim of IBSE implementation implies fundamental curriculum change. But a start should be made on the identification of a limited number of key science ideas, which are relevant to the current and future life of all students, are progressively developed through primary and secondary education and link to the curriculum beyond the compulsory years. Scientists in Science Academies and universities have an important role, in collaboration with science educators and educational policy makers, in identifying these key ideas.
7. More appropriate tests and procedures should be developed for assessing the understanding and skills which are the aims of IBSE. This development should include the use of ICT and summative assessment by teachers. 
8. Teacher education, both pre-service and in-service, should develop teachers’ interest and confidence across scientific disciplines, the pedagogical skills required for teaching through inquiry and the skills of formative and summative assessment.
9. In order to make progress towards successful implementation of IBSE in secondary education, pilot projects should be set up, building on the expertise already developed for primary education. These pilots should: 

a. provide training for teachers in interdisciplinary IBSE pedagogy and in the related skills of formative and summative assessment;

b. enable schools to explore new approaches to organising the class schedule, in order to provide appropriate time sequences and collaboration among teachers;

c. permit schools to provide alternative rigorous curriculum and assessment arrangements where current requirements would excessively constrain needed changes;
d. encourage the sharing of practices across non-science disciplines, particularly with mathematics, language and history;

e. enlist the participation of active scientists, technologists and engineers to give teachers confidence in aspects of science in which they may not have been trained;
f. develop innovative uses of ICT which retain an inquiry-based pedagogy;

g. share the intentions, processes and outcomes of IBSE with parents, the business community, industry, scientists in higher education and policy-makers.

10. In addition to the evaluation of pilot projects other research studies should be conducted to understand the factors that inhibit change in pedagogy and content in science education and how to meet the challenges these present.
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