Even foundation level students can get the HOTS for science!
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Teaching in the sciences has been characterised in the past by an over-emphasis on content and instructivist pedagogy.  This is now changing  with the realisation of the importance of  generic transferable skills, which are needed by  university graduates when they enter the workforce and face real-world,  complex interdisciplinary problems.  This paper considers the development of higher-order thinking skills (HOTS) specifically in the context of the teaching of first-year chemistry.  A number of current approaches to teaching practice are noted, with a focus  on  pedagogies and design principles that have been successful in developing reasoning and problem-solving skills.  Particular attention has been paid to the design of a distance learning course in foundation level chemistry, which incorporates active learning,  challenging assessment tasks and self-directed learning,  which enhance the development of higher order thinking skills.

Introduction

Teachers of first-year university science subjects should be aware that educators have long been calling for teaching that truly develops students who can think (Good et al, 1985; Sleet et al, 1996). This call is emphatic and relevant today, when new graduates entering the workforce will face complex multidisciplinary problems requiring higher-order thinking skills (HOTS) for their 

survival and success.  Employers and managers have been heard to complain that graduates lack practical competence for example in communication skills and problem solving, and that they need to be more self-directed.  Increasingly,  students enter university from more diverse backgrounds and a significant proportion of these students are not properly prepared to study first year science subjects, as they lack a foundation in scientific thinking skills and a repertoire of learning-to-learn skills (Boekaerts et al., 2000).

We have observed  a similar lack of skill among students who embark on courses in first year chemistry, with little understanding  of basic scientific principles or the capacity to produce evidence and argument in support of claims and conclusions.   Several attempts have been made to tackle this problem, the major ones being the redesign of courses, the provision of structured student support and the introduction of higher-order thinking skills in  Chemistry 123, as part of a foundation level program in the Faculty of the Sciences at the University of New England.  This course has been very successful in recent years in providing ill-prepared students with the opportunity to gain sufficient domain knowledge and self-management skills to continue more confidently in their science undergraduate studies.  Most importantly, it has targeted the development of the HOTS, which must be acquired by graduates to become well prepared for the modern workplace. Research on advances in science teaching is described in the next section, together with an overview of essential categories of higher order thinking. Then the actions taken to redesign the course are described, the outcomes are  evaluated and students' responses are documented. The research problem addressed in this paper is how these efforts were effective in improving students’ skills in higher order thinking and their capacity to handle conceptual domain knowledge in chemistry.

Pedagogical changes in science teaching: from objectivism to constructivism

Until quite recently, science teaching has been based on a pedagogical model of objectivism, based on the transmission of knowledge.  Objectivists believe that knowledge exists independently of the learner, and that instruction focuses on transferring that knowledge (Reif, 1995).  Formal education and training particularly in the sciences have largely reflected objectivist principles consistent with behaviourist assumptions, which see the learner as receiving and acquiring a prescribed body of content.  The emphasis is placed on the product, which consists of decontextualised knowledge, skills and information to be transmitted.  Often  this results in courses and programs which are heavily weighted towards mastery of discrete formulas, facts and abstract knowledge divorced from context. Students without prior knowledge do not have time to understand the facts and concepts being presented to them because of cognitive overload.  There is little opportunity to gain meaningful understanding of the topics, and many students are driven towards  surface approaches to learning, whereby they memorise facts and formulate which are later reproduced in assignments or exams without understanding or application to the real world.  Practice at routine exercises solved by algorithms forms the basis of learning to  solve problems, rather than engaging students actively in problem identification, analysis, evaluation and self-monitoring (Zoller, 1999).

How can students taught in this didactic manner be expected to be able to make judgements, to evaluate and solve complex, multidisciplinary problems in the real world?  Speaking specifically about chemistry, Overton (2001) states that “we must produce graduates who can think critically, have an analytical approach, can interpret data and information, tackle unfamiliar and open-ended problems and apply all the chemical knowledge they have acquired.”  It is clear that a sound knowledge of chemistry is not sufficient, but that students need to be taught a broader range of skills and that these must include HOTS (Good, Herron, Lawson, & Renner, 1985; Sleet, Hager, Logan, & Hooper, 1996).

There is now evidence that  pedagogical approaches  are moving away from the objectivist approaches focused on transmission of information to pedagogical models which are constructivist (Trigwell & Prosser, 1996).  For constructivists, objects and facts have no absolute meaning, rather individuals construct meaning based on experince and evolved beliefs. While objectivists emphasise decomposing facts into component parts, constructivists favour environments where knowledge and skills are linked to context and the need to know and understand.  An underlying assumption is that the learner is active and dynamic, and that the learning environment is defined and continually redefined in order to accommodate the evolving needs of individual students. Such environments are the basis for development of higher order thinking in learners.

Generic transferable skills  and transfer of knowledge  

A recent investigation has highlighted the deficiencies in objectivist pedagogy, when content alone is the primary focus of teaching and learning in science (Jasien & Oberem, 2002).  College students and trainee teachers were asked questions related to heat and temperature.  The investigation showed there was no correlation between the number of physical science courses taken and ability to answer correctly basic questions related to heat and temperature.  The focus on facts and formulas divorced from context  and meaning makes little difference to conceptual understanding.  A further thrust in higher education has been that more emphasis is being placed on the acquisition and development of generic skills such as communication and teamwork, a global perspective, information literacy, lifelong learning, problem solving, social responsibility, and information literacy. 

A recent survey of the examination questions in first-year chemistry exams in a range of universities in Australia found that there is still a very heavy emphasis on questions at the level of knowledge and understanding, relatively few at the level of application and analysis and very few asking for synthesis and evaluation. Moreover the vast majority of questions are set in an academic decontextualised manner requiring no transfer of knowledge to new situations (Hollingworth & Bennett, 2003). Considering that end of semester exams typically count for around 50% (and even up to 80%) of the final assessment, there is cause for concern about the cognitive skills development and assessment of many chemistry students.

This is not to deny that a well-organised knowledge base is required to think, be creative and problem-solve effectively in the science area (Taconis, Ferguson-Hessler, & Broekkamp, 2001). Experts in a subject area are more successful at problem solving, because they have ready access to this well-organised knowledge base and are able to perceive the underlying principles involved more readily than novices. Teachers need to give attention to helping students build and organise this knowledge base. They must also accept the fact that in such a rapidly changing world, students cannot possibly hope to gain all the required knowledge in their undergraduate studies or that this knowledge will continue to be up to date for very long (Lowe, 1999). This lends further weight to the importance of teaching generic skills, as opposed to inert information, as part of the science curriculum.

Developing higher-order thinking skills

While a number of approaches have been employed to help develop the HOTS of university students, assumptions are often made about the actual capacity of students to apply the necessary skills to function effectively as self-directed learners. For example, exploratory and open-ended learning environments require students to generate knowledge and engage in critical thinking.  Similarly, project-based approaches assume that students are able to generate questions and produce a final product that represents knowledge integration.  Many students however lack essential skills and a repertoire of learning strategies to enable them to maximise their learning in innovative learning environments.  Table 1 shows a range of contemporary learning designs and the knowledge and skills needed to operate effectively in these environments (McLoughlin & Hollingworth, 2002).

	Example
	Learning scenarios
	Skills needed



	Anchored instruction
	Narratives, stories, real life anchors
	Capacity to define problems and abstract from case

	Open ended learning environment
	Multiple scenarios and viewpoints
	Self-direction and self management

	Project-based learning
	Collaborative, task-based learning environments
	Management of information, self and others

	Problem-based learning
	Presentation of cases and events that present potential problems
	Capacity to identify the problem and select resources to solve it


Table 1: Higher order skill requirements of student–centered learning environments

These learning environments though highly successful, assume that students are goal-driven and self-directed. Research has shown that the processing demands of these environments are problematic and need to be investigated. One of the issues of most concern is that of the learning paradox noted by Schanck & Cleave, (1995). “How can students learn by doing what they do, when they do not know how to do what they have to do to learn?” Stated quite simply, project and problem-based learning assumes that students can access and apply knowledge and metacognitive strategies and engage in self-regulated learning.  It is well established that in order to learn effectively, a repertoire of learning strategies and the capacity to manage one’s own learning are fundamental (Boekaerts, Pintrich, & Zeidner, 2000). Thus teachers need to pay attention to providing sufficient scaffolding for students in these learning environments so that they develop higher level skills.

Since Bloom, Engelhart, Furst, Hill, & Krathwohl, (1956) presented the taxonomy of educational objectives, this has given teachers a convenient scheme against which to assess what they are developing in their students through the learning tasks they are presenting to their students (Shulman, 2002).  The teacher might question whether the learning activities concentrate on knowledge and comprehension of facts as opposed to synthesis and higher order thinking skills.  Are students expected to apply their knowledge and analyse situations? Do the pedagogies and tasks help develop in students the skills required for metacognition and problem solving ?  The SOLO taxonomy of Biggs & Collis, (1982) is an alternate taxonomy, which teachers can similarly use to plan a developmental sequence of learning activities from the simple to the complex.

Mayer, (1997) makes two recommendations for the teaching of problem solving, based on cognitive constructivist research. These are as follows:

· Students should be allowed to work on academically interesting tasks involving higher order thinking, before they have mastered all low level skills, and

· Problem-solving skills development should be integrated into every subject area, rather than taught in a stand-alone course.

Anther successful approach to the development of higher order thinking is the adoption of process- based pedagogies, whereby students are supported as they develop explicit communicative, reasoning and self-monitoring skills through well defined and contextualised learning activities ( McLoughlin & Oliver, 1998). 

Examples of effective chemistry teaching practice

It is encouraging to see a number of chemistry textbooks now appearing, which explicitly address the development of HOTS (Bucat & Shand, 1996, Garratt, Overton, & Threlfall, 1999, Barouch, 1997). Conceptual questions are also starting to appear in the end of chapter exercises of most common textbooks, rather than routine instructivist exercises.   To give some idea of different ways in which the development of higher order thinking is being approached in chemistry teaching at university level, a range of projects mentioned in the literature is outlined below.  In particular, the approach to fostering thinking in Chemistry 123, a distance education chemistry unit at foundation level at the University of New England, is discussed.

Successful pedagogical approaches include LUCID (Learning and Understanding through Computer-based Interactive Discovery), a novel software product that can be used to promote active student involvement in the learning process (Wolfskill & Hanson, 2001).  Process workshops were initially developed with the goal of structuring the learning process by asking questions in a supportive environment, in which student responses are evaluated by the students themselves (Hanson & Wolfskill, 2000).  LUCID was then designed to enhance these workshops in several ways by providing interactive models, easily used tools, multilevel feedback, network reporting, peer evaluation, and student performance distributions. This approach represents a new model for computer-assisted learning in which the function of the computer is to permit the expression, communication, discussion, and enhancement of conceptual understanding and problem solving strategies, as well as the learning process itself.
Cruickshank & Olander, (2001) converted an instrumental analysis laboratory course from the traditional format to a problem-based format in order to stimulate higher order thinking.  Analysis of the project showed how the new approach addresses Bloom's higher order educational objectives and how students appreciated the enhancement of their understanding, even though this was the most challenging the chemistry laboratory course encountered.

In the area of distance education, Shapley (2000) has reported on an upper level organic chemistry course, which was converted to an on-line format to better serve the needs of students with diverse backgrounds.  The course includes on-line lectures with embedded problems, computer-graded quizzes, and on-line discussion sections. The format of the course has been found to increase flexibility for the students, increase interaction among students and between students and faculty, and improve student performance on examinations that require complex reasoning skills.  Similar improvements were in evidence in the case of the redesigned course in Chemistry 123, outlined in the next section.

Chemistry 123 – A foundation level unit with a focus on process skills

At the University of New England a number of foundation level units are available for students entering the Faculty of the Sciences, who are not sufficiently prepared for studying some first-year subjects. Chemistry 123, Physics 123 and Maths 123 are semester-long units, which aim to bring students up to the required level for entering the corresponding first-year level subjects.  In particular many students, who enter science-based degrees find, to their chagrin, that they must study first-year chemistry, since it is a co- or pre-requisite for higher level units they wish to take later in their degree. The 20-25% of students typically entering first-year chemistry, without a background of chemistry at high school, find the course extremely challenging and retention rates are low.

Over the years a number of short courses and bridging courses were tried at UNE similar to those also available at other universities.  These courses typically last for a period of two weeks to one month or involve students in independent study programs.  It was finally concluded that those programs were unsatisfactory and Chemistry 123 was introduced as a full one-semester, HECS liable unit in 1996, offered in the distance education mode. From that year the unit was also offered over the summer semester (December and January) to enable school leavers, aware they would need chemistry in the following year to prepare in time. The timeframe for the summer semester was very tight, but still a significant number of students have taken the unit in this manner and have been successful in Chemistry 123 and then in first-year chemistry.  Numbers in Chemistry 123 have ranged from 75 to 120 (at census date) in the years 1996 to 2002, with about a quarter of these students enrolling for the summer semester offering.  Commencing in December 2002, the summer semester offering was dropped and replaced by a new flexible-mode short course.  Students may enrol at any time, take one year to complete and choose from a range of flexible study options. 

Developing HOTS in Chemistry 123

Since the initial design of Chemistry 123, the aim has been to present students with a range of learning activities, relating chemistry to the real world and developing higher order skills, rather than providing activities that compelled students to accumulate inert facts and formulas.  While there is still an emphasis on domain knowledge concepts, students are supported in learning the language of chemistry in a meaningful way.  Research on problem solving in chemistry has shown that attention to developing a strong well-ordered knowledge base is of vital importance to success, and this principle is adhered to (Taconis et al., 2001).

Students purchase a textbook/CD ROM package and SI Data Book in addition to the course materials package they receive.  This package contains a study guide, which gives detailed guidance about how to work through the unit textbook doing sufficient examples and checking understanding of concepts and building concept maps.  It provides clarification and structures tasks on difficult topics, misconceptions and problem solving and also includes links to Internet sites of use, and suggestions for experiments to do in the home.  It continually relates chemistry topics to various items and events in the home and everyday life, thus reinforcing the relevance and connectedness of the chemical concepts to students’ real life experiences.

Also included in the package are several audio CDs and a videocassette, while students have access to a Multimedia library and the WebCT online site.  The audio CDs give an overall introduction to the course, guide students in the effective use of their calculator and SI Data Book and include several question and answer interviews on topics of known difficulty for students at this level. The CD ROM in the textbook package contains a brief summary of each topic, shows short videos or animations of chemical reactions or processes and contains many exercises to test factual knowledge.

Throughout the study guide, students are directed to read the text, use different aspects of the CD ROM, listen to the audio CDs, view the videocassette, check Internet resources, try problems, perform experiments, and make chapter summaries and concept maps.  Students make their own mind up as to how much of this direction is suitable for them, but we know that some beginning students appreciate a lot of direction and structure.  Plenty of scaffolding is given for building concepts maps, as it is known that this is a very useful metacognitive tool for the organisation of knowledge.  Students are encouraged to make use of the Discussion Board in WebCT to help each other sort out problems, as this sort of social discourse is helpful for constructing knowledge.  

Assessment for the course requires the completion of three assignments (50%) and an exam (50%).  Much thought has been put into the design of the assignment questions, as it is known how strongly assessment drives students.  Students are given limited choices about which assignment questions they submit.  The exam is taken on one day of the student's choice at home with all resources available to them.  Skills targeted in the assignments and exam are: scientific writing and explanations, concept mapping, interpretation of graphical information, problem-solving and experimental data gathering and interpretation.  All these skills have been explicitly developed during the course with the learning materials and the suggested learning tasks.  Table 2 shows the alignment between different skills, pedagogies and learning and assessment tasks.

	Higher Order Thinking Skill
	Pedagogy
	Learning or Assessment Task

	Analysis
	Self-directed, student-centred
	Interpretation of graphical data

Deciding on data required for solution of a problem

	Synthesis
	Self-directed, student-centered
	Building concept map for a topic

Writing an newspaper article

Building a web page on a chemistry topic

	Evaluation
	Self-directed, student-centered
	Interpreting data from a simple experiment

Evaluating a website of chemical interest 

	Generic Skill
	
	

	Communication
	Experiential
	Reporting on a simple experiment done by the student

Writing news article on a chemistry topic

Explanation of a brief scientific article

Written account, focussed interpretation

	Problem solving
	Process-based
	Explanation of processes

Reflection on processes

	Lifelong learning
	Authentic,  real world
	Tasks related to information on labels of everyday consumer products

	Global perspective
	Process-based
	Analysing which parts of problems concern ethical or environmental issues.

	Group work
	Resource-based
	Bulletin board discussion of topics

Build web pages co-operatively relating to chemistry of consumer products.


Table 2: Alignment of generic skills and pedagogy with learning and assessment tasks 

Evaluation and student feedback have been integrated in the course since its inception, with students being asked to rate all areas of the course from its overall organisation to the learning materials, assignments and exam.  The responses have been overwhelmingly positive with some revealing comments given in Table 3.  The comments about the difficulty of some assignment questions and the relation to learning and understanding confirm the benefit of presenting students with a challenge, while supporting their efforts.

	
	Student Comments



	Learning Resources
	"I liked the way that everything you learn is gradually reinforced and built upon.  Your notes were great - I think you paced the course really well and reinforced the important aspects of each section without unnecessarily repeating information in the book.  I think the number and type of exercises you selected was right and helpful.  I liked your CDs as well – just the right amount of information at the right time."

	
	"Encouraging students to participate. Making work easier to understand by using a variety of different aids."

	Thinking Skills
	I found the assignments quite difficult and lengthy though - I was initially surprised that the questions were nothing like the problems in the textbook - ie. You really require your students to think! However, I found the assignments really useful in testing my understanding of the course and I felt I learnt a lot by answering them.  I wouldn't change the questions, just pre-warn the students!

	
	"Difficult questions were stimulating, encouraged me to truly think about what I'd learned and the corrections to the errors I made were helpful and informative."

	Motivation
	"Considering that this is a subject that I formerly detested, this unit has captured my interest to the degree that I now view chemistry with enthusiasm and I am seriously re-thinking my degree program."

	
	"Am looking forward to next year's work. Have only worked in the imperfect sciences before and find myself thinking in a whole new way. Chemistry has added a whole new dimension to my life. Thanks." 

	
	"The Chemistry 123 unit has engendered a sea change in my attitude to the subject; while I always realised that chemistry was vital in understanding the areas of science of most interest to me, I have come to see chemistry as inherently fascinating and even exciting. I now look forward to Chemistry 101 with a sense of excitement and wonder, where previously I felt only apprehension and loathing."


Table 3: Student comments on Chemistry 123 

Summary and recommendations

The learning environment for science, whether it be a face to face or distance education setting, whether it is at first-year level or higher, whether it is computer assisted or not, should encourage students to engage in higher-order thinking activities.  Teachers of science subjects need to move away from an over-emphasis on content mastery and adopt pedagogies that enable the development of thinking  processes. Graduates cannot rely on recall of content knowledge alone to operate effectively in the workplace, but must also be equipped with the procedural, strategic and metacognitive knowledge to solve complex problems.  Students need adequate practice and opportunities to develop these skills, and must be able to manage their own learning. 

Several examples of current teaching practice in chemistry, which focus on the development of higher order thinking skills have been described in this paper.  The Chemistry123 course, which has clearly motivated many students with weak backgrounds in chemistry owes much of its success to its detailed attention to the development of these skills.  An examination of the success rates of students and their personal comments show that this skills focus is beneficial to student understanding of the subject and to their cognitive development.
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