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One of the enduring problems that educators in the sciences must face in designing units is how to ensure a well-structured knowledge base without overburdening students with facts, formulae and inert knowledge. Science teachers at university must  recognise that units of study should be designed not only for broad coverage of the field but also for the opportunities to master important concepts and practice key intellectual abilities. Of fundamental importance is the development of students’ problem solving skills and metacognitive abilities in the first year of study, as this creates the foundation for future learning. It  is proposed that metacognitive skills can be fostered by developing learners’ awareness of the problem solving approaches of experts, by offering modeling and training in problem solving strategies and by employing pedagogies that enable learners to monitor and self correct their own problem solving approaches. 

Introduction

In this paper we discuss a project that is directed towards the effective development of metacognitive skills of first year science students. We do this in the light of current findings on the lack of well-developed metacognitive skills in learners and also by drawing on our own experience of teaching in a regional university catering to both internal and external students.

The changing profile of students currently entering universities in Australia is creating pressure for change in teaching approaches. Current student intakes include students from diverse backgrounds with a significant proportion arriving with little or no background in science. This requires university teachers to support learning in what is for many first year students a new area of learning. A recent Australian study indicates that failure rates in science courses range from 5-21% with a mean of 11% and that around 30% of first year science students seriously consider withdrawing from study in their first year (McInnis, & James 1995). These facts alone indicate that as science educators must think beyond merely designing course content and curricula to address the serious problem of student attrition rates.

Diversity in learning backgrounds also characterises the student body. Many external students have been away from study for a number of years and may have the learning skills required for tertiary study. Moreover they may feel a sense of isolation in not being able to work co-operatively and see the quality of their own work in relation to others enrolled in their units. It clearly is important to generate positive feelings of success in study by integrating appropriate learning skills in the teaching of science. Separate study skills programs can lead to short term improvement in some learning strategies, but are less successful in the longer term. "Students do not always apply strategies they have learnt to other contexts, because they are unaware that they are relevant to the task. It may be that even when they recognize that a particular strategy is relevant, they do not know how to apply it." (Chalmers & Fuller 1996). In our experience many students do not see the relevance of general study skills programs as they cannot apply them directly to what is being taught, and their first priority is to complete the next assignment.

The special needs of first year students are recognised in the literature and a number of approaches have been suggested to involve students in active learning (McInnis, 1995,1998). For example, Zadnik, de La Harpe and Radloff (1998) proposed that students become involved in producing a student conference in order to achieve a focus on written and oral communication skills. Mishra (1998) proposes students prepare discussion papers and engage in collaborative learning, while Zeegers, Martin & Martin (1998) document the success of process-orientation instruction and student directed tutorials for first year Chemistry students. What these studies have in common is the movement away from teacher driven paradigms of learning, a greater emphasis on understanding how students approach their own learning and the use of student directed, small group techniques to foster higher level cognitive goals.

Teaching science: Problem solving or content coverage?

Let us consider briefly how first year science subjects are taught in many universities. Over emphasis on rote learnt content and terminology still characterises much science teaching at tertiary level, to the detriment of student learning. First year biology students typically have to cope with as many new terms as a students learning a new language, apart from trying to understand the new concepts being introduced. If lecturers still hold to a transmission approach in their teaching combined with a focus on content coverage, this forces students into surface learning approaches.

Another characteristic of university science subjects is that scientific concepts may be largely removed from the everyday life of students and real world applications. Students in chemistry must struggle with unfamiliar names and symbols, while they also need to understand new concepts, which are often presented in a decontextualised, abstract manner. Often the pace of delivery is such that there is little opportunity for students to understand new concepts in a qualitative way first, to explore them and to verbalize their ideas, before applying these concepts to less familiar situations. However, teaching in science need not be about content coverage, factual recall and the application of formulas, but about problem solving.

There is a vast literature on problem solving in the sciences, which is a largely untapped resource (Gabel, 1994). There is also a growing emphasis on developing higher order cognitive skills of university science students (Barouch, 1997, Sleet, Hager, Logan & Hooper, 1997, Bucat & Shand, 1996). Essentially what matters most in learning in the sciences is the capacity to solve problems, to analyse and classify data, to gather evidence about solutions and to apply and test theories. Clearly, the knowledge base in science is expanding too fast to ensure that students cover all aspects of scientific knowledge within the duration of a university course. The alternative is to offer students learning experiences that allow for conceptual exploration and acquire the thinking skills needed for their future learning. It is on this assumption that we seek to develop a coherent framework for development of metacognitive skills.

Profiling our students

Internal and external students at the University of New England represent two more or less separate groups, while there are some similarities, but are also obvious differences. Internal students, by and large are recent school leavers and tend to be younger. Overall they tend to be less motivated and in many cases do not have a clear idea of their long-term goals. Some may be enrolled in units not of their liking, but they persist because these units may be pre-requisites for a particular course of study. External students on the other hand are usually more mature students coming back to part time study after a period in the workforce. They are usually highly motivated, with more clearly defined goals for their studies.

Some externals, who have been at study for some time, are likely to be reflective learners, aware of their own strengths in learning, but may have experienced little formal training in developing meta-learning strategies in their studies in science. It is noteworthy that few students appear to have developed problem solving of the sort common in chemistry and physics assignments, many students show little application of metacognitive skills. In answers to problems and exercises in assignments we see much evidence of the usual chug and plug - finding "the" formula and plugging in the data”; there is little checking of answers or understanding of the meaning of the answers obtained.

Metacognitive skills in science learning: Operationalising the concept

The term metacognition refers to a learner's knowledge about his or her processes of cognition and the ability to control and monitor those processes as a function of the feedback the learner receives via outcomes of learning (Metcalfe & Shimamura, 1994). Thus, two essential components comprise metacognition: knowledge and control. Metacognitive knowledge refers to what a learner understands and believes about a subject matter or a task, and the judgments s/he makes in allocating cognitive resources as a result of that knowledge (Flavell, 1987, Brown, 1987). Metacognitive control refers to the tactics and strategies a learner devises to achieve specific learning goals and the degree to which the learner organizes, monitors, and modifies those operations to ensure that learning is effective (Jacobs & Paris, 1987).

With regard to metacognitive control, Schraw (1998) explains that attention resources, existing cognitive strategies, and awareness of breakdowns in comprehension are all enhanced by metacognitive knowledge and skills. Learners who use both improve their academic performance. Thus, metacognition is important to an understanding of learning in the sciences because learners must regulate their cognitive tactics and strategies in order to construct meaning from their reading, lectures, and laboratory experiences. Moreover, as science, physics, chemistry, biology, etc. are new and relatively unfamiliar informational fields, learners have to be more active, exploratory and self-regulated during the comprehension-building process (Tergan, 1997).

Constructivist processes in learning: Thinking is essential

The issue of self-regulation in learning centres directly on the assumption that learners interact with new subject matter in constructivist ways. In effect, knowledge is constructed by the learner because the learner is in control of the knowledge acquisition process. That is, learners search for meaning and understanding in unfamiliar knowledge domains by attempting to regulate whatever strategies they possess in the context of whatever relevant knowledge they believe they have. Unfortunately, for many learners in first year, both the knowledge base and the skills necessary to regulate the processes are poorly developed or have never been taught (Jonassen and Reeves, 1996).

Learners need to be given opportunities to develop understanding of concepts and learning process skills, and be given ample opportunity to practice them in the context of the subject matter domains where they will have to use them. Research on cognition shows that students who think about their learning are better learners than those who do not (Weinstein and Meyer, 1991). The most fundamental tenet of constructivism is that students cannot learn from teachers, they can learner only by thinking about what they are going to do or what they believe, or thinking about the thinking they have just engaged in. In fact there is evidence that students who do nothing more than reflect on their learning on a regular basis with a good listener, do better than students who do not (Heath, 1964).

So if thinking mediates learning, and learning results from thinking, teachers must engage students in thinking and metacognitive talk about the learning process. In addition, different forms of activity engage learners in different kinds of thinking. Developing the metacognitive skills of self-monitoring and thinking about the kinds of skills applied in solving a problem, memorising a list or making notes from a book are the basic kinds of metacognitive skills that students in first year need to become aware of. University teachers must take the initiative in fostering these thinking processes, and designing tasks whereby students engage in different forms of thinking and in metatalk about their own thinking. Many students fail to see the relevance of generalized study skill sessions and these have been found to have limited success. Learners must be able to see the direct application and effectiveness of the activities and enjoy doing them as they are developing their thinking skills. Explicit explanations must be provided to students with regard to what learning and thinking strategies, how, when and where to use them, as well as why they help learning (Winograd & Hare, 1988).

Development of metacognitive skills in tertiary contexts 

To date much work on developing metacognitive and problem solving skills has been done at the primary and secondary level (De Jong, 1992). Research at tertiary level is less, but there have been studies in the sciences in physics (Mettes 1987), mathematics (Schoenfeld, 1985) and computer programming (Volet, 1991; Volet , McGill & Pears 1995). In Volet’s (1991) study, computer programming students coached in the use of a metacognitive strategy for writing programs over a semester achieved better overall course results than a control group. Longer term benefits were also seen in that more of these students enrolled in and passed the advanced computing unit in the following semester.

Outside the area of science, business economics students given a series of sessions over the academic year related to orienting (problem identification or task definition) achieved superior results, not only in this subject, but also in a statistics unit (Masui & de Corte, 1999). Both these studies emphasize the importance of the design of the intervention and metacognitive training for effective outcomes.

Limitations of current practices at university

Much criticism has been voiced about the lack of systematic attention paid to problem solving in the sciences. Hobden (1998) reminds us that "from the first days of science instruction, sets of routine problem tasks assigned by the teacher have been part of classroom life. As a teaching strategy they largely have been used uncritically” (Watts & Gilbert, 1989). In a similar vein, it has been said that “It would appear that nearly all physical science education seems to be based on the optimistic assumption that success with numerical problems breeds an implicit conceptual understanding of science" (Osborne 1990).

Common current practice at university level is for the lecturer to do examples in lectures. Students are then asked to do problems for assignments, assuming they will also look at worked examples in text. There is usually further opportunity for discussion in tutorials, but this frequently involves the tutor showing how to do more examples, with some questioning from students about unclear points, but with students remaining fairly passive. There is little attention directed towards the development of metacognitive skills, although, it must be said, texts do include problem solving hints nowadays. The assumption is that practice at doing problems will implicitly build up the required skills. It is unreasonable to expect that students will learn without further guidance. It may work for self-directed  learners, but confirms the lack of skills in problem solving experienced by novice learners of science and chemistry.

While thinking and metacognition need to be fostered in the first year of tertiary study, self-regulation is the desired outcomes. It is well be bear in mind that, " at some point for real success to occur, students will need to think…. without being prompted. Teachers are often overly concerned with efficient use of instructional time, a concern that promotes prompting or answer giving rather than patient questioning. Perhaps teachers can take heart from the research findings that show that relatively nonspecific although metacognitive probing can produce positive results with reasonable speed." (Dominowski, 1998).

We need to explicitly address the issue of metacognitive skill development to escape from this cycle. Before presenting an alternative approach, some examples of the metacognitive skills required in problem solving are outlined.

Examples of problem solving in chemistry

In this section we look at two specific examples of problems in chemistry, contrasting the way an expert with well developed metacognitive skills might solve the problems with the way novice students attempt to solve the problems. 

Example 1:  A calculation task. The nitrogen gas in an air bag of a car, with a volume of 65litres, exerts a pressure of 829 mm Hg at 25(C. What quantity of N2 gas (in moles) is in the air bag?
For the expert this example would be a minor thinking exercise. It represents the straightforward application of a formula to perform a calculation on some data. All the data is provided in the question and it is merely a matter of manipulating the formula and doing the calculation. The expert will immediately see the underlying concepts involved in the problem and their interconnections and be able to manipulate and use the correct formula, to determine the answer. An expert would have some idea of an appropriate magnitude for the answer and the correct units for it. Even if an error is made in the calculations an expert would possess strategies to check the calculation and come up with the correct result. 

In contrast, this example may represent a real problem to a novice. They may realize that this is an application of the ideal gas equation and be able to produce the correct formula. However the formula needs to be manipulated and changed for calculation and conversion factors are required for some quantities. In all likelihood the novice will not use units correctly, may use conversion factors incorrectly and will have no idea of what magnitude the answer might be. Often they will just accept whatever comes out of their calculator on the first attempt, without even checking this calculation and will give the answer to a ludicrous number of significant figures. 

What metacognitive skills does the novice need to successfully solve this problem? They need to be able to analyze the question and know if they have all the necessary data to answer it. They need to self-monitor as they are doing it and check that they are getting units correct and making appropriate conversions of units. They need to be able to predict the magnitude of the solution check their answer in several ways if possible. A weak knowledge base in chemistry will make this task even more difficult.
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Example 2: Aqua Ear problem for Chemistry123. This problem asks if the commercial product, Aqua Ear Solution, contains just the two chemicals on the label or if it is an aqueous solution. The information on the label states that Aqua Ear contains Isopropyl alcohol 634 mg/ml and Glacial acetic acid 17.3 mg/ml. (See photograph.)
This can be a difficult problem for some novices studying Chemistry 123, a foundation level unit. They are puzzled as to what the question is actually asking and what information they need to answer the question. Some are also confused by the ingredients on the label, because they see one component is an acid and the other contains an OH group, which they think must mean it is a base (having no knowledge of organic chemistry) and therefore that the components will react in an acid-base reaction. What skills do they need to answer this question? First they need to be able to define the problem correctly and then determine a solution procedure to solve it without having been given any relevant formulas. They need search for the data required (in this case more information on the densities of the two components from the SI Data Book) and possess skills for finding this information. They then need to connect the information found with data on the label and apply knowledge of correct formulas involving densities to calculate the result. Checking will be required concerning units and size of calculated result. Good connections between chemical knowledge and knowledge of the real world will help the monitoring of processes used throughout the solution of the problem.

In summary, elementary problem solving in chemistry requires students to use and apply an array of metacognitive skills including problem definition, information search and application, prediction, interconnecting information and self checking. First year students of science do not have well developed skills in problem solving, and are often unable to understand why they cannot solve even basic problems. Support for these processes is critical.

An approach to the development of metacognitive skills in first year science students

If students realise that they already have problem skills and they are explicitly taught problem solving skills in the context of disciplinary knowledge, and encouraged to develop metacognitive awareness of these skills, the result will be: (a) a dramatic speeding up of the learning process, (b) new information becoming easier to learn, and (c) enhancement of overall academic performance. For example, Swanson (1990) demonstrated that 5th and 6th graders increased their problem solving skills as a function of their use of metacognitive knowledge. Schraw and Dennison (1994) found that college students were better able to monitor their reading comprehension, if they also showed better metacognitive skills. Thus, in the context of First year Chemistry, we planned interventions to support both problem solving and metacognition, as both processes are inseparable. 

For effective interventions to increase metacognitive skills certain conditions must apply. Gredler (1997) proposes three essential instructional conditions for any development of metacognitive skills. First, the training should involve student awareness of what the process involves, as this makes them a participant in the process. Second, the performance criteria used for evaluation of achievement should match the kinds of metacognitive activities addressed in the instruction and third, metacognitive training should provide support for engagement in metacognitive activities. Similar conditions are proposed by Masui and De Corte (1999), who suggest an integrated set of instructional principles for an effective learning environment to enhance learning and problem solving skills for university students. These are:

· Embed acquisition of knowledge and skills in a real study context.

· Take into account the study orientation of students and their need to experience the relevance of the learning and study tasks offered to them

· Sequence teaching methods and learning tasks and interrelate them 

· Use a variety of forms of organization or social interaction

· Take into account informal prior knowledge and individual differences between students.

· Learning and thinking processes should be verbalised and reflected upon.

Design features of a Web-based intervention program to foster metacognitive awareness

Based on extant research on metacognitive training, we propose a scheme for the development of metacognitive skills for science students that involves six phases ( See Figure 1). The environment for metacognitive training will combine Web-based scenarios with problem simulations in order to engage learners in actual problem solving and reflection on their own problem solving strategies. 

In Phase 1 the concept of metacognition is operationalised. For the problem in question, the students need to become aware of the problem solving processes involved. For example, with respect to the Aqua Ear Problem, this requires analysis of the question, how to plan a solution, 

what strategies might be applicable as opposed to trial and error, what self monitoring skills could be used. 

Phase 2 involves the design of the problem environment. For particular problems in a topic in Physics or Chemistry for example, examine the different ways in which an expert and a novice student might answer the problem. 

The problem is then presented to the student to work on in Phase 3. Student responses are monitored in Phase 4 to decide if any Intervention (Phase 5) is required. 

Phase 5 presents students with a scenario or problem where they are assisted in the processes and procedures of problem solving, and made aware of their own problem solving strategies.

In Phase 6, successful students are presented with further problems in the topic area to check whether they have transferred the strategies learnt during Phases 3 and 4. If they have not, training continues.

In Phase 7  students are given the opportunity to reflect on their problem solving.

The final Phase 8 involves a refinement of the training to create design guidelines for a problem solving environment in different subject areas (biology, physics and chemistry) in order to foster metacognition. 


Figure 1 Flow chart for development of metacognitive awareness

Implications for practice in other settings: Designing problem solving tasks

In creating a supportive environment for development of metacognitive skills, we have not limited our focus to developing metacognitive skills with individual students studying science. Instead, we intend to create a social, interactive Web-based environment providing support for metacognitive skills such as the development of self-reflection, peer assessment and revision.

These generic aspects of design have implications for the development of metacognition in other settings. Student awareness of their own skills, self-directed learning and intergroup communication between learners is fostered by Web-based functionalities, such as bulletin boards and shared discussion spaces. We assume that a limited number of problem solving and metacognitive skills are applicable to the domains of chemistry, physics and biology as taught in first year at the University of New England. Nevertheless we assume that many aspects of successful metacognitive development require knowledge of the subject domain, thus we situate the training within particular disciplinary knowledge rather than attempting to develop a decontextualised set of metacognitive competencies. Metacognitive skills are developed in functional contexts providing multiple domain application examples and experiences.

The selection of contextualised problems for students is an important one, with implications for practice in other settings. Too much of what is required at present in first year science is concerned with factual recall and only exercises lower order cognitive abilities. We intend to progress from the level of drill type exercises to more ill defined, real world problems involving higher level cognitive abilities. One of the objectives of MetAHEAD is to bridge the development of metacognitive skills across a range of subject areas, integrating subject learning with metacognitive skills training.  By explicitly and continually emphasizing metacognitive aspects right from the outset, significant benefits will occur for students.

Conclusion: Supporting metacognition in the first year 

The project described here is the initial phase of a two year research project dedicated to development of metacognitive skills in science. We believe that students' metacognitive skills can be developed significantly by taking a proactive approach and by designing an environment specifically for problem solving and metacognition. Teachers who are expert in one or more of the respective domains come to the teaching/learning transaction with well-rehearsed knowledge about their own skills and procedures in the domain. For a teacher, this metacognitive knowledge has developed over years, for example, by way of studying diagrams and flow charts in text, making observation of experiments in lab, and noting conditions and situations in an everyday environment that reveals relationships and realities of pertinent phenomena. Indeed, most teachers begin to derive significantly more metacognitive knowledge when they actually teach. That is, the process of teaching forces them to think of the material in terms of the way the information will be learned. New learners, on the other hand, come to the subject matter domain naive with respect to this knowledge.

This project proposes that metacognition can be developed in contexts that engage students in self-monitoring their own problem solving approaches, in scenarios where they can ultimately use that knowledge. This requires creating real life anchors for development of problem solving skills and enabling students to explore, test and review their own strategies. Though the project is still in the initial phases, we anticipate that the research will result in significant changes to the way teaching in the sciences is currently conceptualized.
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