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ABSTRACT

The study is founded on the belief that knowledge based on an indivi-
dual's prior experience contributes to scientific learning. This is
contrasted with a perspective in which it is assumed that concepts have
a reality completely independent of the learner.

The research is adescription of pupils' personal scientific knowledge
about several aspects of pressure, heat and evolution. Eighty-four
children (aged between 12 and 16 years) were interviewed and asked to
give their explanations of scientific problems set ineveryday contexts.
Categories of response were identified from pupils' words; some of
these recurred across different question contexts testing the same
scientific concept. They represent frameworks of thought which pupils
employ, though they may completely contradict the currently-acceptable
scientific notion.

Pupil frameworks were identified for the nature of pressure (including
a molecular explanation), aspects of fluid pressure, the distinction
between heat and temperature, the idea of conduction of heat, aspects
of inheritance (including the notion of non-inheritance of acquired
characteristics) and forbiological adaptation.Their frequencies across
three age groups are reported.

There was some stability of the frameworks of individual pupils across
questions testing the same scientific idea, though the pattern varied
from idea to idea.

Fifty-eight pupils were re-interviewed after a 20-month - interval and
the change or stability in thinking of individual pupils was monitored
over this period. These results were equivocal. Pupil frameworks relat-
ing to some scientific ideas appeared toremain fairly stable over time,
whereas for others pupils drew on different frameworks on the two
occasions, frequently on different alternative frameworks.

The implications for pedagogy are discussed and it is tentatively
suggested that more effective learning might occur if teachers took

serious account of pupils' alternative frameworks in their classrooms
and laboratories.
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"A11 my knowledge of the world, even my scientific knowledge, is
gained from my own particular point of view, or from some exper-
jence of the world without which the symbols of science would be
meaningless. The whole universe of science is built upon the
world as directly experienced, and if we want to subject science
jtself to rigorous scrutiny and arrive at a precise assessment of
its meaning and scope, we must begin by reawakening the basic ex-
perience of the world of which science is the second-order express-
ion....ScientifiE points of view, according to which my existence
js a moment of the world's, are always both naive and at the same
time dishonest, because they take for granted, without explicitly
mentioning it, the other point of view, namely that of conscious-
ness, through which from the outset a world forms itself round me
and begins to exist for me."

M Merleau-Ponty
(Phenomenology of Perception, 1962, London, RKP, p.viii)

(v)



INTRODUCTION - STATEMENT OF THE PROBLEM

The central aim of the study is to describe in detail pupils'
understandings of selected aspects of pressure, heat and evolution.
Recorded explanations offered in response to interview questions

on these topics are scrutinized for any common belief patterns which
may emerge.

The study follows in the wake of a small, but now rapidly expanding,
body of ideographic research into children's understanding in
science. Some aspects of both heat and evolution have been invest-
jgated, though many of the studies involved subjects who were either
younger (in the heat studies) or older (in the evolution studies)
than the pupils in the present investigation. Little work has
previously been carried out on pressure.

Although the work is not bound by a single psychological theory,
several principles underlie the approach. Firstly, it is assumed
that the prior knowledge which a learner brings to a task has a
profound effect on ihat 1eafning, and therefore that effective
teaching should take this into account. No firm distinction can
be made, nor is one attempted here, between learning based on
experiences in school science and on those from out-of-school
sources.>;$econdﬁy, it is assumed that the best way to find out
how bupi]s think about certain scientific ideas is to ask them.
This means that pupils' own words must be attended to closely, and
inferential interpretation on the part of the investigator should
be delayed as long as possible. Finally, there is some research
evfdence to indicate that there may be some commonality of belief
patterns (or conceptual frameworks) to be found amidst children's
imaginative efforts to explain phenomena. This idea is also used
in the present study.

Answers to the following research questions‘are sought:-

(a) What are the main conceptual frameworks which pupils bring to
bear on ten scientific ideas related to pressure, heat and
evolution?



(b) With what frequencies do these frameworks occur in samples of
secondary pupils of different ages?

(c) Are these frameworks consistent for given individuals over
different questions which test the same scientific idea?

(d) How do individual pupil frameworks change (if they do so at
all) over a period of time?

After some theoretical discussion these issues are to be explored
in this thesis.



CHAPTER 1
METHODS OF INVESTIGATION OF PUPILS' UNDERSTAMDING IN SCIENCE

I Theoretical Frameworks

At the outset, it is necessary to distinguish betwéen two radically
different ways of thinking about scientific learning. The first |
emphasises the learning of a body of accepted scientific concept-
uyalizations (that is, one reached by the consensus of scientists).
The second perspective includes children's scientific learning from
their perceptual experiences of phenomena in the natural world. The
former suggests that scientific éoncepts, having an independent
reality, merely await comprehension and acceptance. The educétiona]
implication here is perhaps that successful learning follows
naturally from a careful structuring and organization of the material
to be learnt. ‘By contrast, the inclusion of learners' experience- |
based knowledge as an integral part of scientific learning suggests
that sensory experience and the learner's own prior ideas and
hypotheses (partly products of the imagination) are not distinct in
concept formation. In other words, learning takes place as a result
of a reciprocal interaction of cognitive and environmental events.
This latter view emphasises an active negotiation for meaning, and
the learner's intuitive knowledge and his existing notions become

an important focus of study.

Aspects of Piaget's cognitive psychology have been used extensively
over the past fifteen years as a guiding paradigm for both research
studies and the development and evaluation of new curricula in
science education. Some research workers find Ausubel's theory
more appealing, though, in general, it has been much less widely
applied. Both theories describe cognitive development as a dynamic,
interactive process with cognitive structure modified through
experience. According to Piaget, intellectual growth involves the
building of cognitive structures which are universal and independent
of content. These structures are constantly modified as the child
interacts with the environment, and, in time, qualitative changes
are discernible which mark new stages or levels. It is this menfa]
4operative structure which determines what can and cannot be |



meaningfully known. Lack of understanding is explained by the fact
that the pupil has not reached a given operational level. This
framework leads to general statements about the capabilities of
thought at different ages. . Piaget's ideas have been used by others
to make general predictions about the selection and sequencing of
science content, and for the diagnosis of learning difficulties.
‘Underlying these applications is the idea that, although experience
may hasten the natural development of thought processes, there can
be no radical alteration in the rate or order of their appearance.

Ausubel, on the other hand, envisages the assimilation of new know-
ledge which is specifically linked to relevant concepts in the exist-
ing cognitive structure, and the progressive differentiation of
structure as a continuous, and not stage-dependent, process. It is
this hierarchically-organized framework of specific concepts which
determines what can or cannot be hean%ngfu]]y known, and lack of
understanding is explained by gaps in the conceptual structure,'
gaps so great that new knowledge cannot be anchored to old.
Adoption of Ausubel's ideas leads to an emphasis on the elucidation
of conceptual structures of individual learners and carries the
pedagogic implication that some degree of learning is possible for
any concept, provided proper instructional sequences are followed.

Both Piaget's and Ausubel's theories offer support for the idea of
the learner as an active sculptor of meaning. However, Piaget's
writings contain scant reference to the relevance of a person's
perceptual experience to a learning problem; little account is
taken of the preconceptions with which a learner approaches a task,
though there is evidence that these preconceptions and beliefs

have an effect on thinking. Does a child's performance depend
primarily on the logical structure of the task, or does it depend
heavily on the context (that is the familiarity with the content,
the overall meaningfulness of the task to the individual learner)?
Piaget contends that, at formal operational level, the content of a
task has been subordinated to the form of relations in it. Critics
propose that content and meaning influence intelligence much more
than Piaget allows. The learner's assessment of the content and
meaning of a task depend on how easily he can relate these to his



previously-existing ideas. DOonaldson (1978) has demonstrated that
young children's reasoning needs the prop of contexts which make
what she calls ‘human sense' to the individual. Her experiments
show that three to four year olds frequently find the procedures

of a task perplexing, but that, when the same problem is couched

in a familiar and realistic guise, dramatic improvementﬁ in bET-
formance result. Wason (1977) reports exactly the same influence
with intelligent adults tackling tasks which require, in Piagetian
terms, formal operational thought. Both authors argue that context
js a powerful aid to understanding in our everyday lives and that
the attempt to formulate general, context-independent laws denies
this fact. The learner's interpretation of a task depends on pre-
existing notions - and these arise from experienced-based intui-
tions as well as more formally-acquired concepts. Fischbein (]975)
classifies concepts into those which are consistent with intuitions,
those which are counter-intuitive and those which have few intui-
tions relating to them. There is evidence that children stick with
their intuitions when contradictory experimental findings are
encountered, even if they have the requisite thinking skills to
'overcome' the intuitions (Driver, 1981; Viennot, 1979).

In view of the neglect of thé intuitive base underlying learning,
a Piagetian stage framework is not altogether adequate for a
study which purports, as this one does, to produce detailed
documentation of pupils' scientific ideas.

I1 Methodological Approaches

Debates over theory and perspective are reflected in debates over
methods. Thus the two different views of scientific learning
outlined above lead to distinctive methodological approaches.

Within the positivist perspective research workers seek causes and
facts, with 1ittle regard for the subjective state of the individual.
In studies of scientific understanding, this research stance would
be favoured by those who believe that scientific learning involves
the understanding of concepts which have a reality independent of
the learner. Investigators operating within the phenomenological

perspective, on the other hand, are concerned with understanding




human behaviour from the pupil's own frame of reference. This
research orientation reflects a belief in the importance of

" experience-based knowledge as an integral part of scientific
learning.

The distinction implies a radical polarization which does not,"
however, exist in practice. The research styles of most studies
fall somewhere between these two extreme theoretical standpoints.
It is possible, therefore, to give only loose characterizations of
the two approaches in relation to learning in science studies.

Research from the positivist perspective attempts to assess pupils'
ideas against currently-held scientific ideas. These studies are often
normative (that is, directed towards the establishment of norms

or standards); the design is frequently experimental and 'objective'
methods of enquiry are favoured which yield quantifiable data from
groups of pupils. Interpretation of data focusses, from the begin-
ning, on similarities and,genefa]izationssabout‘thought processes -
these may be cognitive styles, ability levels, or Piagetian stages
depending on the theoretical framework of the particular study.

In contrast, studies from the phenomenological perspective do not
>1nitia1]y involve the testing of hypotheses and so are not experi-
mental in design. The aim is analysis of experiential descriptions -
pupils’ conceptualizations are analysed in their own terms and not
exclusively against externally-defined criteria. Such studies have
been described as ideographic in character. The nature of partial
understanding is fully documented, because pupils' alternative
conceptual frameworks, arising from prior experience, are described.
Contextual limitations are thus also fully recognized. Generaliz-
ations arise'only when common patterns are detected amongst these
alternative frameworks - their formulation is not the central and
initial objective behind ideographic studies. Ideographic studies --
tend to depend on qualitative, descriptive data obtained by
‘subjective' methods.

Testing the present investigation against these characterizations
illustrates the crudity of the polarization. Philosophically, the



study fits towards the phenomenological end of the spectrum since
it focusses on the experience of individuals,and the empirical data,
obtained by non-objective methods, is qualitative and descriptive.
Yet there is some quantitative treatment of data, results of pupil
groups of different ages are compared and the analysis of interview
data is independently checked to show, in fact, a high level of
reliability. Al1 these might be considered to be features of
positivist research.

Traditionally, naturalistic description has been a second class
method of study, to be used by default and not choice. Several
writers (Entwistle, 1979; Jacobson, 1970; Marton, 1978; McCall,
1977; Wilson, 1972) have commented on the positivist stranglehold

on our thinking about research - a grip so tight that many important
questions about pupils' concept acquisition and development have
been disparaged and excluded, because they cannot be treated
experimentally. Wilson (1972, p.82) suggests that “"there is a
crying need for clear and accurate detailed descriptions of what
happens when someone tries to acquire a concept." Without these,

he suggests, it is premature to start talking about causes (why

the concept has not been acquired, for example), 'stages of develop-
ment' or deep explanatory theories and hypotheses. He proposes
that, as with botany, zoology and anthropology, the first job is
description and classification.

The processes by which conceptual growth occurs constitute a fund-
amental concern for educators. The literature contains exhortations
for the adoption of psycho-dynamic methods (for example, Sutton,
1980), but, in fact, the methodologies for studying conceptual growth'
as it occurs are poorly developed. A rare example of a psycho-
dynamic study is provided by the work of Karmiloff-Smith and Inhelder
(1974). They meticulously described the interplay between children's
action sequences (in a block-balancing test) and implicit theories
(inferred from actions). By observation of the organization and re-
organization of the sequence and length of actions, they concluded
that ;hi]dren's actions changed the theories they held about the

task as they progressed through it and that the theory-of-the-moment
influenced actions. But, in most cases, investigators have had to be



satisfied with 'snapshots' - static portrayals of single performances -
as measures of conceptual development. Performances are only ever
approximate manifestations of cognitive capabilities, of course, and
Strauss (1977) has warned that they may sometimes be extremely mis-
leading ones. Strauss and his colleagues described U-shaped -
behavioural curves for tasks relating to physical intensivity (e.g.
sweetness, temperature), where drops in performance levels correspond
to increases in power and efficiency of children's competence;.so,
from this evidence it cannot even be assumed that a higher achieve-
ment has a higher level of competence underlying it. But even if
it is not methodologically feasible, at fhe moment, to monitor
concept acquisition in progress, it is at least possible to make
rough tracings of the routes whereby individuals acquire concepts,
by taking more than one ‘'snapshot' of the same individual over time.
Wohlwill (1973), McCall (1977) and others have stressed the need to
focus on change in the individual, as distinct from stability or
continuity in populations. Longitudinal studies provide data on
patterns of change in the individual, but there are very few
examples of this approach in cognitive development studies (for
exceptions, see Wallace, 1972; Deadman, 1976). McCall (1977)
suggests that naturalistic development has been under-investigated
because it is less amenable to the traditional experimental,
manipulative methods used in the study of static behavioural events.
He suggests that a major modification of research attitudes and
methods is required, with a shift towards a more developmental, as
well as a naturalistic, orientation.

One argument put forward by the advocates of ideographic studies
js that they are potentially more useful to educators in decision-
making about classroom practice and curricular planning. hiether
or not this claim can be substantiated will be considered later,
after a more detailed discussion of methodological problems in the
context of specific examples of normative and ideographic studies.
of science concepts.

IIT Normative Studies

The following groups of normative studies of understanding in science
are not entirely mutually exclusive, but the classification offers




a useful general guide.

A.

Studies which outline conceptual hierarchies - both logical

analyses and psychological ordering.
Studies which measure selected aspects of thinking which are

considered to be related to scientific learning.

Cutting across this grouping, investigations vary in the degree of
emphasis put both on the effects of instruction and on the influence
of a whole range of variables (such as I.Q., sex, etc.) on concept
acquisition. They vary too in the method of data collection,
although the majority of studies rely on written tests.

Conceptual Hierarchies

A distinction is not always made between logical hierarchies
inherent in topics and the understanding hierarchies of the
learner (Trowbridge, 1979; Hart, 1981). Some studies based

on the Togical analysis of concepts seem to carry the assump- *
tion that pupils' learning closely follows a sequence identical
to the logical ordering of sub-concepts. So, for example,
investigations of the particle nature of matter by Pella and
Carey (1967) and of the concept of the biological cell (Pella
and Strauss, 1968) began with an identification and sequencing
of related sub-concepts, made first from text books and then
checked by experts. Attainment in the knowledge, comprehensioﬁ
and application of these component ideas was then measured by
objective tests, and cofrelations between concept test scores
and variables such as age and I.Q. allowed recommendations to
be made for optimal ages for teaching the sub-concepts. Gower
et al (1977) identified a series of sub-concepts underlying the
chemical concept of the mole and arranged these in a hierarchy,
according to principles laid down by Gagn€, by asking the
question "What concepts must the learner already understand .
before he can learn another specified concept?" Elements in
the hierarchy were then tested, and a measure of its validity
was obtained from a consistency ratio - that is the ratio of
the number of responses consistent with the hierarchy to the
total number of test responses. These analyses do not purport
to give information about individual learning approaches, or
about learning difficulties.
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.Raven's study (1968) on the concept of momentum began with a
similar logical analysis of sub-concepts and he postulated the
following sequence:- '

conservation 3 speed ) proportional use of 3 momentum
of matter mass and speed

But he also advanced the hypothesis that the learning sequence
may differ from this, so the assumptions behind his study are

- very different from those described above. He administered
practical tests of the component concepts to a cross-sectional
sample of primary children and found that the learning sequence
turned out to be:-

momentum ) conservation ) proportional use of speed
of matter mass and speed )

These interesting findings suggest that young children (aged .
5 - 8 years) may have a global, intuitive understanding of
momentum, without understanding its component parts.

Selected aspects of thinking relevant to the learning of science
Investigations in this large and diverse group all carry a
common underlying assumption that scientific understanding
requires certain cognitive skills - for example, the ability
to think abstractly, to disembed problems from misteading con-
texts, to formulate mental models, to control variables, to
manipulate reltations between relations (that is, so-called
second degree relations, as between two ratios) etc. The
relevance of some of these cognitive skills to scientific
understanding remains unsubstantiated. Some may be good pre-
dictors of understanding in specific concept areas, but less-
useful as indicators of general scientific achievement.

Piagetian levels

Many studies (Lovell and Shayer, 1978) indicate that tasks of

Piagetian level have very good predictive power for scientific
achievement.

Some investigators report at a very general level. Sayre and
Ball (1975), for example, examined the relationship between
school science grades and performance on formal operational
tasks, and found that 88% grade A-students, but only 19%



grades D - E students, were formal thinkers. Lawson and

Renner (1975) compared the scores on four Piagetian tasks with
multiple-choice test scores for a variety of concepts requiring
both concrete and formal thought. They concluded that under-
standing (as measured by the multiple-choice tests) of the
formal concepts did not occur until at least some of the res-
ponses on the Piagetian tasks reached the formal level. In a
more detailed study Rowell and Dawson (1977) used Piagetian
tasks specifically related to the concepts under investigation -
density and relative density. They found that the abilities to
conserve weight and volume proved to be highly predictable
indicators of success in post-instructional written tests. Most
studies on Piagetian levels measure group means, but, in an
evaluation of the developmental change as a result of instruction
in aspects of space conception (as presented in the 'relativity’
unit of SCIS), Nussbaum (1979%) used a Piagetian framework to
identify cognitive change in individuals. Pupils were assigned
to a developmental level from total scores cn interview tasks,
and then individual shifts were monitored after instruction.
Nussbaum argued that the really significant transition was from
Stage Il to Stage III, because it represents an overriding of
the egocentric perspective. He found that 27% of nine year olds
demonstrated this change, and maintained it over time (a delayed
post-test was administered twelve weeks after the first post-
test). Okeke (1976) did not use Piagetian tasks at all, but
linked pupil understanding with Piagetian ideas by a novel

and very detailed approach. She carried out a meticulous
tarmchair analysis' of ideas subsumed in the topics of repro-
duction, transport mechanisms and growth, and produced maps of
conceptual difficulty, using the characteristics of concrete
and formal thought. She then interviewed a large sample (n=120)
of Nigerian examination candidates to assess conceptual under-
standing (understanding of ideas was rated on a five-point
scale). A close relationship was found between the difficulty
 experienced by pupils and the conceptual difficulty of
component ideas, based on Piagetian characterization of thought.

1



Cognitive styles

Cognitive styles describe the form and not the content of
cognitive activities. They have been characterized (Kempa, 1980)
as relatively stable modes of psychological functioning, and
appear as bipolarities, with no value assignment, since styles
at either end may be advantageous under certain circumstances.
Field dependence/independence (FDI) is probably the best
documented cognitive style. Thurstone (1949) identified a
Flexibility of Closure construct (Cz), which was later measured
by Gottschaldt's embedded figures test. MacFarlane Smith (1964)
interpreted C2 as the k factor (spatial ability) and the con-
struct has since been elaborated at length by Witkin et al
(1971, 1977), and named FDI. It concerns the perception of
information (field independent subjects are able to disembed
jtems from an organized background, and to ignore compelling

and irrelevant cues), but MacFarlane Smith and Witkin both
believe that the construct describes, not just visual perception,
but distinct modes of general cognitive functioning. It has «
been suggested (e.g. Case and Globerson, 1974; Kempa, 1980) that
the ability to disembed problems from their contexts may be
important in the development of science concepts, and partic-
ularly relevant to the explanation of individual differences
within a given developmental level. Kempa and Ward (1975)

found good correlations between observational attainment on
chemical tasks and a specially-constructed embedded figures
test. The distinction between field dependent and field
independent subjects was clearest when the observational tasks
were non-cued (that is, there were no hints as to what to

- look for). But Saarni (1973) obtained results which indicated .
that for complex problem-solving tasks (children were asked to
solve mysteries in detective-type stories) the level of FDI
within each Piagetian developmental level did not affect per- .
formance. Kempa (1980) has recently pointed out that the link
between FDI and scientific understanding is obscure, and needs .
further research.




© IV Ideographic Studies

Sensitive techniques are required in order to elucidate children's
beliefs and the connections linking these beliefs. The identifica-
tion of misconceptions (e.g. Milkent, 1977; Kuethe, 1963; Za'rour,
1975) cannot, on its own, illuminate the reasons for which pupils
subscribe to these ideas. Since there is evidence (Rowell and
Dawson, 1977; Driver and Easley, 1978; Viennot, 1979) that pupils
hold tenaciously to their preconceived ideas, even when instruction
includes deliberate attempts to refute misconceptions, it seems
clear that more detailed research is needed on the reasons for

those misconceptions. This proposition involves a shift in research
focus to children's interpretations of events and to the illumination
of individual personal experience.

Written tests, the mainstay of normative studies, yield insufficient
information on the strategies used to arrive at given answers, and,
since dialogue is impossible, they preclude probing follow-up
questions. But, as well as the adoption of appropriate in-depth
methods, another factor influences the outcome of ideographic
studies. Investigators who attempt to describe children's frame-
works must assume a non-judgmental role and accept more of the
responsibility for deciphering meaning. In normative studies in
sciences investigators ask the question "To what extent do you
understand X?" - the onus is on the pupil to interpret the question
correctly (that is, from a scientist's perspective) and the answer

is jﬁdged against those external criteria. But if the aim is to
describe children's interpretations of events in a more open-ended
way, the question becomes "What do you understand by X?", and the
main responsibility for construing meaning transfers to the invest-
jgator. So, the successful execution of ideographic research depends
very much on the investigator's preparedness to encounter conceptions
which are qualitatively different from accepted scientific cnes and
his/her ability to be as free as possible from a mental set.

If experimental, hypothesis-testing methods are inappropriate for
the description of children's beliefs, what are the alternatives?
There are very few examples of purely observational studies on
scientific understanding. Knamiller (1974) observed two eight year

13
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olds working with science materials (tasks were not fixed by the
investigator) and offered an 'interpretive description' of their
activities, as they sought out new experiences and formulated
explanatory theories. One advantage of observational studies is
that they provide information about learning in settings which are
more natural than either test situations or interviews with tasks
set by the investigator. On the other hand data from pure observ-
ation are bound to be diffuse; their interpretation and, even more,
their pedagogical relevance, must be highly inferential.

Piaget outlined his 'clinical method' in 1929 (Piaget, 1929) and
this semi-structured interview, or variants of it, has remained the
key method for ideographic studies ever since. Piaget described it
as containing some elements of both the experimental and the purely
observational approaches, The interview centres on set tasks, and
Piaget advised that interviewers should have some hypothesis to
check at every moment as the interaction proceeded - in these senses
it is 'experimental'. At the same time the interviewer should care-
fully observe, as the child is encouraged both to talk freely and

to influence the direction and emphasis of the dialogue. The
central objective is to elucidate explanations for responses.

Piaget later revised the method to inciude the manipulation of
apparatus, because he thought that the original formula relied too
heavily on spoken language. This is still regarded as the fund-
amental problem with clinical interviews and most modifications

made by other workers are attempts to circumvent this.

The link between verbal (and non-verbal) behaviour and ideas is not
always a direct one, but the observer has access to the child's
ideas only-through his behaviour and must make inferences about
mental events from this. In an interview the child is required to_
1isten with understanding, to interpret and respond according to
his conceptual pbwers and to communicate orally the reggohs for his
responses. "It is clear from the kecent report of a large-scale
study of primary children's understanding of some mathematical con-
cepts that the research workers involved in this particular study
gave laudable attention to the clarity of language in their test
items, and yet they commented (Hughes, 1979, pp. 34-35) - "We
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recognized with increasing conviction as our work progressed that
this field of enquiry into children's understanding of concepts has
as its weakest link the form of communication used between the
tester and the child." They found, for example, that the ability

to communicate reasons for choices did not always match up to the
conceptual ability of the child., This discrepancy, and the reverse
one, (that is the use of words as labels, with no understanding of
the related concepts), have been well documented (Lovell, 1966;
Barnes, 1976; Greene, 1975). Donaldson (1978) suggested that
children's interpretation of language can be powerfully influenced
by context, and that sometimes, in putting their own meaning on
situations, children simply do not attend to the purely linguistic
meaning, and so do not ‘'read the message' as intended. She also
explains the fact that the ability to use language is sometimes in
advance of the ability to understand it, by suggesting that contexts
can support incompletely-understood words in a meaningful flow.
C]ear]y,'communication between interviewer and child is an immensely
complex process, with many points at which inaccurate translation

of what is intended or known can occur.

One way to reduce reliance on verbal expressions of understanding
is to incorporate manipulation of materials into the interview.
Demonstrations of the phenomena under invest{gation have become
standard practice. It has been claimed by Piaget and many others
(e.g. Trowbridge, 1979) that observation of the child's handling
of apparatus gives valuable additional information about under-
standing. It has also been suggested (Linn, 1977; Karmiloff-Smith
and Inhelder, 1974) that handling materials can change both the
difficulty of the problem, and the theories the child holds about
the task as he progresses through it., Linn (1977) administered
Piagetian and other specially-developed tasks and found contra-
dictions between verbal statements and actions in handling
apparatus. She decided that verbal statements alone were not
enough to understand students' thought patterns and concluded
"the implication is that it is necessary to gather information
from many different sources and combine it to characterize a
thought pattern." (Linn, 1977, p. 367). The study by Karmiloff-
Smith and Inhelder (1974), described earlier, is unusual in that
actions were the primary indicator of understanding. It is not,



however, possible to translate abstract thought into actions and so
some topics are more suitable for investigation in this way than
others. Von Pfuhl Rodrigues (1980) presented problems to children
in the form of comic strip drawings ~ all were of situations where
Archimedes' Principle, gravitation or fluid mechanics played a role.
The children (aged 7-13 years)»had to describe the drawings, to
judge whether the situations depicted would be possible in the real
world and to give explanations for their answers. Separate ideas
about the concepts under investigation were tested by several dif-
ferent cartoons. She used drawings in order to avoid being
restricted to physically-possible situations, as in the direct
manipulations of objects, and she also hoped to avoid a purely
verbal approach. She found that even the young children were cap- .
. able of formulating laws to explain the phenomena in the drawings,
but she detected very little pattern in the data and very little
consistency of response across the ideas tested. Gilbert and his |
group (Gilbert and Osborne, 1980; Osborne and Gilbert, 1980) have
also used line drawings to depict instances and non-instances of
scientific concepts (such as work, electric current, force).

Pupils were asked to categorize each drawing, and to explain the
basis on which the categorization was made. They thus obtained
1ists of pupil view-points about a topic.

Finally, it should be added that, although written tests are con-
sidered to be an inappropriate method for initial data collection

in ideographic studies, they can make an important contribution if,
for example, the questions are based on pre]iminary interview data .
"(as in studies by Dow et al, 1978; Erickson, 1979; Trowbridge, 1979).
Free writing about scientific phenomena has proved to be a powerful.
illuminative method (e.g. Carré and Head, 1974). . Indeed, Sutton .,
(1980) has emphasised that methods involving the written word for
the elucidation of children's beliefs are the only practicable

ones in the classroom.

Ideographic studies vary, not only in the exact methods adopted,
but also in the degree of concern with pedagogic issues and in the
level of detail at which results are reported. The stated aim of
some investigators (such as Deadman, 1976; Erickson, 1979) is to



17

contribute to the improvement of teaching methods and curricula,
whereas others (such as Albert, 1978; Von Pfuhl Rodrigues, 1980)
are not directly concerned with school learning. For obvious
reasons many studies focus on topics which chi1dren find concept-
ually difficult and specifically ones which, according to Fischbein's
classification, are either counter-intuitive or have few intuitions
relating to them. So, the particle nature of matter (Novick and
Nussbaum, 1978; Novick and Nussbaum, 1981), aspects of heat
(Albert, 1978; Erickson, 1979; Tiberghien, 1979), the concept of
the mole (Novick and Menis, 1976), the Earth and space (Nussbaum
and Novak, 1976; Nussbaum, 1979b,Mali and Howe, 1979) and genetics
and biological evolution (Deadmén and Kelly, 1978; Kargbo, Hobbs
and Erickson, 1980) tend to recur as topics for investigation.

The review of literature on the understanding of concept areas
" chosen for this investigation (Chapter 2) contains more detailed
discussion of examples of ideographic studies.

There is evidence from research in the ideographic tradition that
children's ideas can often be grouped into relatively stable belief
patterns. But a major problem exists: the balance between report-
ing of predominant conceptual structures and kinds of development
(which therefore have some degree of general applicability) and
retention of some detail of individual variation in conceptual
structures is a very difficult one to achieve. It is, nevertheless,
particularly important to get the balance right, if teachers are

to be persuaded of the usefulness of these results for classroom
practice.

V Application to classroom practice

There is almost unanimous agreement that children's existing beliefs
are important to learning, so it is logical that classroom practice
should take account of this. It can be argued, of course, that

good teaching has always included listening carefully to children's
jdeas and then beginning from the vantage point of the learner's

own experience; and that experienced teachers are aware of chjldren's
alternative ideas and of the misconceptions which block understand-
ing. But it is evident from the small amount of research in the
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field that too little is known about children's ideas - particularly
those relating to difficult topics - and that detailed analyses of
conceptual areas are not available. '

It has been suggested (Driver and Easley, 1978; Trowbridge, 1979;
Erickson, 1979; Deadman and Kelly, 1978) that the most likely out-
come_of research into pupils' understanding will be a heightening
of teachers' awareness of the possible perspectives their pupils
may bring to new learning - an increased awareness which should
result in more perceptive understanding of learning difficulties.
Teachers would, in other words, have a greater insight into the
intellectual worlds of their pupils. This presupposes, of course,
that teachers are willing and able to give status to children's
ideas. Finch (1971) makes an interesting distinction in this
connection. She suggests that teachers of English show interest
in children's own ideas and opinions, but by contrast, science.
teachers frequently give the impression that children's ideas are
not worth much consideration beside those of great scientists. She
goes on: "But the English teacher is not, and cannot, be aiming at
producing a class of Shakespeares, and we cannot be aiming at pro-
ducing a class of scientists . . . Somehow we must arrange for
children to produce useful scientific ideas in our lessons, and to
get credit and kudos for them. " (Finch, 1971, p. 407). She is
advocating a change of attitude which, undoubtedly, will be hard to
achieve, and it is possible that the nature of science poses part-
jcular problems. How genuinely can pupils' scientific ideas, which
contradict Tong-established scientific theories, be considered
'worthwhile'? Is it perhaps easier for teachers of English or
technology or political science to treat pupils' alternative ideas
in this way?

It has been suggested too (Driver and Easley, 1978; Deadman and
Kelly, 1978) that the design of new curricula should take account
of pupils' ideas, including their intuitions. Deadman and Kelly
(1978) propose that the traditional Curriculum——) Pupil model
of development should be reversed, so that pupil understanding
would be investigated first and then gradually incorporated into
teaching and curricular planning. A rare example of this ordering
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can be found in the work of Stavy and Berkovitz (1980) who incorp-
orated knowledge about the development of the concept of temperature
in children (Strauss, Stavy and Orpaz, 1977; Strauss, 1977) into the
construction of an effective curriculum unit (Stavy R., Bar V. and
Berkovitz B., Heat: Teacher's guide and student manual Tel-Aviv:
Israel Science Teaching Center, School of Education, Tel-Aviv
University, 1974 (in Hebrew)).

Clearly the usefulness of ideographic studies in science has not
been proved. Indeed this is impossible at the moment, since they
represent only the starting point of what Erickson (1980) describes
as a three-stage process. - This process consists of:-
(a) description of common belief patterns
(b) determination of their generalizability to larger populations
of students _
(c) translation of these results to the classroom
Erickson's work includes a follow-up study based on his descriptive
investigation of understanding of heat phenomena. He developed a
questionnaire - a Conceptual Profile Inventory - which comprises
different explanations for heat-related experiments, accompanied by
a series of bipolar scales to measure judgements of preference
about each explanation. He took explanatory statements from previous
interviews to comprise the 'Children's Viewpoint', and constructed
a 'Kinetic Viewpoint' and a 'Caloric Viewpoint' for comparison.
Erickson administered this to 276 pupils (11-15 years old) and
found that many children at all three grade levels were prepared
to subscribe to the 'Children's Viewpoint'. In other words, the
jdeas contained in it were not confined to a small group of 12
year olds - his original sample. Erickson considers his Inventory
to be a practicable instrument for teacher use.

It seems clear that stage (a) of the process of application can
only, realistically, be carried out by research workers, at least
if interview methods are used. Sutton (1980) has pointed out that
it is manifestly impossible for practising teachers to interview
all their pupils to give insight into their dominant thought pat-
terns, and he concludes that other diagnostic procedures need to
be develcped for teacher use. He suggests, for example, pupil



‘overviews' of a new topic written in response to several tasks,

and also sorting tasks with words and objects. It is debatable,
though, whether these 'short-cut' measures would yield sufficiently
detailed and illuminative data. The second part of the process -
testing the generalizability of the results - is perhaps the

easiest and quickest stage of the process, and certainly the one
where methodologies are best developed. As well as generalizability,
jt is clearly important to measure the degree of stability of pupils'
belief patterns. This can only be done by adding a developmental
dimension to ideographic studies, through the adoption of longitud-

inal methods. It seems equally clear that stage (c) of the process -

the translation of the results into the classroom - should be the
subject of classroom-based research, with, ideally, teachers them-
selves acting as research workers. The aim of this action research
would be to provide concrete examples of how pupils' understandings
may be utilized in teaching.

It has been argued in this chapter that ideographic studies of
understanding in science concepts reflect a fundamentally different
perspective (as compared with the majority of investigations, which
are normative), and that the outcome of these studies may be equally

valuable and have considerable potential usefulness in the classroom.
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CHAPTER 2

- THE CHOSEN CONCEPT AREAS

The purpose of this chapter is to justify the choice of concept areas
and to review the literature on research into pupil understanding of
pressure, heat and evolution. The studies discussed fall mostly,
though not exclusively, into the ideographic tradition.

I Criteria for choice

The three conceptual areas for this study were selected using the

criteria listed below. '

(a) The concept areas should be of fundamental importance to
physical or biological science. They should be central
themes, which recur in different forms and contexts through-
out the school curriculum.

(b) The concept areas should, in the opinion of science teachers,
present special difficulties for teachers and pupils, so that
the research results may have educational relevance and value.

(c) Pupils should have a broad base of intuitive ideas relating to
the chosen concepts - ideas formulated from out-of-school
sources, such as television, science fiction, sport etc.

(d) Since the study was designed to include a developmental
dimension, conceptual areas should be chosen which are likely
to yield ' developmental richness' - that is, where significant
shifts in understanding with age might reasonably be predicted.

In addition to the above, a fifth practical consideration, namely

the availability of a range of test items from the Assessment of
Performance Unit (APU),.determined the choice of the particular
aspects of heat, pressure and evolution to be investigated because
those items were to be used in the interviews. On the basis of these
criteria, and an examination of the existing literature on children's
ideas about pressure, heat and evolution, several aspects of the
conceptual areas were selected for investigation. These are pre-
sented as lists of scientific ideas overleaf.
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Pressure
NATURE OF PRESSURE

Pressure is force per unit area - it can be changed by spreading
the same force over a different area.

MOLECULAR BOMBARDMENT

Pressure exerted by a fixed volume of gas increases as the temperature
increases because of increased molecular bombardment.

PRESSURE AND DEPTH

Pressure in a liquid depends on the depth of the liquid, the pressure
increasing proportionately with depth.

PRESSURE AND DIRECTION

Pressure at any place in a liquid acts equally in all directions.
ATH0SPHERIC PRESSURE

The atmosphere exérts a pressure on objects.

Heat

HEAT AND TEMPERATURE

Heat and temperature - a substance requires a given amount of energy
to raise the temperature of unit mass by a given amount.

CONDUCTION OF HEAT

Keat energy travels through different materials at different rates.
Evolution

INHERITANCE

Some variations are inherited - there is a genetic basis, with a
recombination of genes at sexual reproduction.

ACQUIRED CHARACTERISTICS

Some variations (those acquired during an organism's lifetime) are
not inherited.

ADAPTATION

As the environment changes organisms with favourable variations
survive and leave more descendants. Without these they die out.
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To what extent do the three conceptual areas meet. the four broad

criteria outlined overleaf?

(a) There is no question that both heat and pressure are fundamentally
jmportant conceptual areas in physics. They are both taught early
in secondary school science courses and then, again, in external
‘examination courses in the fourth and fifth years. There is
similarly no question that evolution is fundamentally important
to modern biological thought. Although as a circumscribed topic
on the syllabus it is frequently reserved for the fifth form,
.crucial subsumed topics, such as variation, the mechanism of
sexual reproduction and general treatments of adaptation, are
regularly encountered earlier in school biology courses. Viennot
(1979) has pointed out that it is difficult to persuade teachers
that their students hold ideas about topics which they have not
been formally taught. Perhaps for this reason, the justification,
to teachers, of evolution as a suitable topic proved more =~ -
difficult than the justification for heat and pressure.

(b) Similarly, all three conceptual areas broadly satisfy the second
criterion. Johnstone and Mughol (1976) investigated the perceived
difficulty of physics topics by pre-'0' Tevel students (n = 499),
post-'0' level students (n = 414) and first year University
students (n = 83). The:subjective assessment of a list of twenty-
three basic concepts (compiled in consultation with university
and school teachers) was matched with an 'objective assessment’

(a paper and pencil test). The main peaks of difficulty, reported
by more than 30% of the school students, included the idea of
pressure and three items on heat - the difference between heat
and temperature, the idea of specific latent heat (of fusion and
vaporization) and the idea of heat transfer (conduction, convec-
tion, and radiation). It is interesting that the majority of
jtems showed indices of difficulty in the subjective assessment
which decreased with chronological age, but four concepts were
considered to be more difficult at post-'0' level grade than at
pre-'0' level grade. These included the idea of pressure. 1In
addition to the evidence from the above study, W K Mace and his
colleagues in the physics department, King Edward VII School,
_Sheffield were consulted about the aspects of heat and pressure
which their pupils found most difficult to understand. They
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pinpointed the distinction between heat and temperature, the
existence of atmospheric pressure and the application of kinetic
theory to an understanding of the nature of both heat and pres-
sure as areas of particular difficulty for pupils up to 16 years.
Evolution is recognized as a difficult subject to learn (Johnstone
and Mahmoud, 1980) and to teach (Jungwirth, 1977; Deadman and
Kelly, 1978; Maxwell, 1978); and this conclusion is confirmed by
my own experience in teaching biology. Indeed, Shayer (1974)
suggested that many of the ideas contained within evolution were
much too difficult and abstract, and the topic should be aband-
oned as a pre~'0' level subject. But others (e.g. Deadman and
Kelly, 1978) have stoutly defended its inclusion on the grounds
of its central importance to biology.

It is obvious that some scientific concepts are more likely than
others to have a rich intuitive base, founded on experience. It
can be argued that it is pedagogically more useful to choose
concepts which are under-pinned by confirmatory and/or contra-
dictory intuitions, rather than concepts which have few intuitions
relating to them. Young children will have formulated many ideas
about heat based on their own experience ("hot" must be amongst
the first few words in many children's vocébularies), and also
some ideas about pressure, but very few, if any about evolution.
For example, a three-year-old will have contructed firm ideas
about hot and cold objects and his own relation to them, about
the pressure of solids in, for example, sand or pastry. He may
perhaps also have some rudimentary notions about the passing on
of characteristics from parent animals to their young. Older

‘children, are, of course, also exposed to all kinds of incidental,

as well as p]ahned out-of-school opportunities for learning.
Biological topics seem to be covered much more extensively by the
media (particularly television) than physical science topics.

For example, in the period immediately preceding the first round
of data collection for this study, David Attenborough's series
about evolution, 'Life on Earth', was shown on BBC TV. These
programmes were specifically mentioned by several pupils in the
interviews. Indeed, it was common in the evolution interview
(though less so in the heat and pressure interviews) for pupils
to draw on information gleaned from television, books and
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magazines, in support of their explanations. To summarize, it
is reasonable to assume that secondary-age children bring many
ideas related to the three selected areas into the classroom
from everyday life.

Clues about the 'developmental richness' of the chosen

concepts can be obtained from an examination of the results of
Piagetian and ideographic studies. Piagetian studies suggest
that understanding of important aspects of all three concept
areas are dependent on the development of formal operational
thought (Shayer, 1974 on evolution; Lovell and Shayer, 1978 on
heat and Shayer, 1978 on pressure). This indicates, of course,
that interesting developmental changes should occur in the
12-16 year age range. The paucity of ]ongitudiné] studies of
concept development has already been discussed, but ideographic
studies, including some with cross-sectional designs, also give
valuable developmental clues. These ideographic studies are
reviewed below. To summarize, there is some evidence that all
three conceptual areas broadly satisfy this criterion.

Review of literature on pressure, heat and evolution

PRESSURE
There are no ideographic studies of children's understandings
of pressure reported in the literature.

Shayer's analysis of pupil understanding of the work on pressure
contained in the Nuffield Combined Science Project (Shayer, 1978)
js carried out within a Piagetian interpretative framework.
Conceptual demand was assessed according to Piaget's stages

and pupil developmental level was measured by two Piagetian
group tasks (pupils aged 12-13 years). Eighteen short written
questions relating to pressure in air were administered to one
class of twenty-six pupils, and ten questions on pressure in
1iquids were administered to three classes from three different
schools (n = 90). Shayer argues that, since pressure is?ratio
of two independent variables, an analytic understanding of it

is impossible below the stage of early formal réasoning (Stage
IIIA). Indeed, he found that no pupils in his sample used the
idea of pressure as force per unit area in response to the
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examination items, though all pupils who were at Stage IIB or
above had more intuitive pressure concepts - for example, the
idea that pressing as hard on a smaller area will result in
greater pressure. Shayer claims that results from other
questions in the test indicate that the inability to concept-
ualize pressure as force per unit area is not merely an
inability to calculate. Not very surprisingly, Shayer found
that the pass rates on items testing the idea that pressure
in liquids is greater at a greater depth were higher than
those testing the idea that pressure is the same in all
directions. Although this research was not designed to
document children's reasons for their answers, the idea of a
vacuum exerting a sucking pressure was expressed so frequently
(46% pupils) that Shayer included this idea as an 'invalid
cohcept' in his table of results (Shayer, 1978, p. 215).

Barnes (1976) includes extracts from small-group discussions
on air pressure, in support of his thesis that exploratory
talk between children can result in increased understanding.
Barnes describes how some pupils accepted the words ‘sucking'
or 'suction' as a perfectly adequate explanation of how milk
may be drunk through a straw. He also found that explanations
using authoritative-sounding labels such as 'air pressure'
were later frequently revealed to be vague and inadequate.

The article entitled 'There's no such thing as suction'
(Mace, 1961) indicates that some teachers, too, are aware that
children find suction an enticing idea.

Okeke (1976) investigated pupils' understanding of pressure as
part of her study of biological transport mechanisms. She
comments that the word 'pressure' was frequently used by her
subjects to mean 'force', and that pupils who had only an
intuitive knowledge of pressure as 'push' tended to misunder-
stand phenomena which depend on an analytic understanding of
pressure.

26
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HEAT

There have been a number of ideographic studies on heat pheno~-
mena. The most useful of these are listed below, together
with the ages of the children interviewed:- studies by Albert,
1978 (4-9 year old American children); Andersson, 1980 (12-15
year old Swedish children); Erickson, 1979 (12 year old
Canadian chi]dren);‘Strauss, 1977 (4-12 year old Israeli
children) and Tiberghien, 1980 (12-13 year old French chil-
dren). Children's ideas revealed in these and other studies
are grouped, for the purpose of the present discussion, under
the following three broad headings:- (1) the nature of heat,
(2) the nature of temperature and (3) the application of
kinetic theory.

The nature of heat

The tendency to perceive heat as a kind of material substance,
with properties generally attributable to matter, has been
noted by several investigators. Erickson (1979) drew up con-
ceptual inventories from interviews with ten 12 year old
pupils, and then scrutinized these for common patterns. Chil-
dren in this study observed the heating of a metal rod and
suggested that heat builds up in one part until it cannot be
held any more, and then it moves along the rod (rather like a
fluid overflowing). Elsewhere in Erickson's interviews,
pupils described heat as a substance like air or steam; they
frequently associated 'heat' and 'cold' with 'air' and used
the terms interchangeably. So, pupils suggested that metal
cubes became hotter than sugar or wood cubes because it was
more difficult for air to get into the metal to cool it down.
Albert (1978) found that the youngest children in her sample
(4 and 5 year olds) thought of heat as residing in objects,
and made statements like "sun is hot" or "oven is hot" to
explain heat, Slightly older children related the hotness to
themselves rather more explicitly, and concluded from the
fact that a "coat makes you warm" that the coat was the warm
object. At about eight years a distinction was detectable
between heat and the object in which the heat resides, and
children referred explicitly to heat in spatial terms |
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(e.g. "heat rises"). Moreover, it was often depicted as
active and moving (e.g. heat going down, moving away, etc.).

The existence of cold, as opposed to heat, is a recurring
theme and cold is also endowed with material properties. So,
children in Erickson's study (1979) explained the decrease in
water temperature when ice cubes were added, by proposing that
cold moved from the ice into the water. He found that pupils
tended to describe objects as containing a mixture of heat and
cold, and temperature as a measure of this mixture. Albert
(1978) identified a primitive form of the idea of a single
dimension - cold/warm/hot - in seven year olds who seemed to
appreciate that an object becoming hot needs time to pass from
a lower to a higher level of heat. Some eight year olds dis-
tinguished warm and hot as different instances of the same
dimension.

The study by Tiberghien (1980) is an analysis of children's
ideas about heat conduction and, because she was concerned with
pupils' progress through teaching sessions on the subject, her
report is a useful documentation of the deVe]opment (and stab-
ility) of ideas. Pupils were asked amongst other things to
explain in interview why cotton felt warmer than copper, and
why a metal spoon dipping into hot water was warmer than a
wooden one. Eight children were involved in the investigation,
but this paper reports in detail on two pupils who were inter-
viewed. They were also filmed during the teaching sessions.
One girl (aged 12) modified her explanations profoundly over
the period of observation. At first she considered only the
sensation of touch (what is cold cools; what is hot heats),

but later she referred to a property of heat - its speed of
movement. This change represents a radical reorganization of
thought. The other pupil (a girl of 13 years), on the other
hand, showed no similar fundamental changes in her thinking
about heat conduction over the period. She continued to connect
cne characteristic of the object with the movement of the heat
or the cold (heat and cold were both given the properties of

a fluid). In the initial interview she mentioned the thickness
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and solidity of the material, and in the final interview
simply the nature of the material. Interestingly, this pupil

" did not recognize the passage of heat to the interior of

materials - for example, she suggested that the cotton was

~hotter than the copper because the heat stayed on the outside

and did not penetrate.

The nature of temperature

Albert (1978) reports that, from the age of eight years,
children in her sample had some idea of definite degrees of
heat. Typically temperature is thought of as a measure of
the amount of heat held by an object, and no distinction ié
made between the intensity and the amount of heat possessed
by a body. In an investigation of pupil understanding of the
variables which do not affect boiling point, Andersson (1980)
demonstrated that Swedish pupils (aged 12-15 years) had great
difficulty with this concept. He administered two tasks.

The first tested the idea that extra time will not affect
boiling point, once the water is boi]ing; the second that
water temperature will remain similarly unaffected by a change

"in dial setting (from 3 to 6) of the electric heater. Sur-

prisingly few pupils gave correct answers backed by adequate
explanations (Task 1 - 19% of 12 year olds, 45% of 15 year
olds; Task 2 - 14% of 12 year olds, 39% of 15 year olds).
There was considerable instability of response across the two
tasks. (In general pupils did less well on Task 2 than on
Task 1.) For example, twenty-one per cent of the pupils who
offered top category responses for Task 1 (that is, they
stated explicitly that boiling was the cause of temperature
invariance) changed their explanations for Task 2 and
suggested that the dial number determined the boiling point.

Erickson (1979) found that the temperature of a body was
thought to be related to its size (or to the amount of stuff
present). So, for example, large ice cubes were thought to
take longer to melt than small ones because the larger cubes
had “"colder temperatures". In mixing experiments pupils
obtained the temperature of a resultant mixture by adding

29



together the two temperatures. Strauss (1977) and Strauss,
Stavy and Orpaz (1977) also report children's difficulties
with the concept of temperature, and the confusion between
the amount and the intensivity criteria. They have described
U-shaped behavioural curves for tasks involving several
intensive physical quantities (sweetness, temperature, visco-
sity, hardness), but have found no such curves for other
intensive quantities, such as specific weight, which have no
'sensory referent'. Strauss (1977) demonstrated the mixing
of liquids of the same and different temperatures and asked
children in interview to work out the temperature of the mix-
ture and to account for their answers. He discovered that
young children could solve this intensivity task, that 8-9
year olds had great difficulty with the same task and that
older children (12-13 year olds) could also solve them.
Strauss makes a distinction between a qualitative understand-
ing of temperature and quantitative manipulation of numbers -
to solve the task correctly it is of course necessary to make
non-additive manipulations - e.g. 10°¢ + 10°C = 10°C.  They
suggest that the 'dip' in the U curve is because pupils at

 these ages 'see’ thelprob]ems simply as mathematical calcula-

tions. This results in addition, subtraction, averaging etc.
and adoption of these procedures seems to obscure the quali-
tative, common-sense understanding demonstrated by younger
children. There is evidence from the work of Stavy and
Berkovitz (1980) that subtraction in mixing problems with
liquids of different temperatures is a higher level response
than addition. They found that pupils shifted their explana-
tions, and used subtraction rather than addition (thus some-
times getting closer to the correct judgement) after a

period of training which involved the deliberate exploitation
of the cognitive conflict between the qualitative and
quantitative representational systems of temperature.

~The application of kinetic theory

There is some evidence (e.g. Dow, Auld and Wilson, 1978) that
the early introduction of kinetic theory into the secondary
science curriculum has had little influence on understanding
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of other physics concepts, including heat and pressure. Dow,

Auld and Wilson (1978) argue that the 'binding themes' of the

new physics syllabuses of the 1960's (and particle nature of

matter is one of these) have not been successful. There are
several studies which investigate the understanding of the
particulate nature of matter per se, rather than its applic~
ations to other concepts. Novick and Nussbaum (1978), in an
interview study with 13 and 14 year old Israeli pupils, found
that three aspects of the particle model were particularly
difficult to assimilate. These were the aspects most in
dissonance with a sensory perception of matter. They were:-

(a) The idea of empty space. They found that many pupils could
not conceive of empty space in ordinary matter, including
gases. Instead, pupils reverted to a continuous inter-
pretation and wanted to 'fill' space with more particles,
dust, air, etc.

(b) The idea of intrinsic motion of particles. Some pupils
viewed air as the mover of particles. And many pupils
said that air does not 'settle out' because of its low
specific gravity, a property consonant with a conception
of continuous matter.

(c) The idea of interaction between particles (chemical change).

Dow, Auld and Wilson (1978) documented in detail secondary
pupils’ understanding of the particle nature of matter and its
applications. They administered written tests, the items of
which were based on the results of interviews with younger
children. It was found that concepts which pupils had at the
sensory level were not in agreement with the concepts which

they had at the molecular level. Typically, first year pupils
thought of 'particles' as granules or bits, with air in the
space between the particles. In a discussion of the application
of ideas about particles to changes of state, the authors report
that 11-13 year olds had no concept of a sudden jump in mole-
cular speed during a change of state. Instead, they visualized
that the speed of the molecules steadily increased from solid

to liquid to gaseous state. In general, the liquid-solid inter-
face seemed to cause fewer problems than the liquid-gas interface.



At the liquid-solid interface pupils could visualize a change
in molecular movement: they proposed that the molecules either
stopped moving altogether in the solid, or that they adopted a
different mode of movement, vibratory rather than translatory.
At the sensory level these pupils described the change from
solid to liquid as going through a ‘'slushy' stage (that is, a
gradual process), whereas at the molecular level the change
was regarded as sudden. The same pupils did not visualize
sudden changes at the molecular level at the gas-liquid inter-
face, though in this case they described sudden conversions at
a sensory level. The report by Dow, Auld and Wilson (1978)
indicates clearly that a considerable gap exists between the
assimilation of some factual information about particles

(e.g. that when a gas becomes hot the molecules move faster)
and the development of a more incisive understanding of heat
phenomena, as a result of the application of these ideas.

EVOLUTION

Introduction

There have been a number of studies on aspects of evolution.
The most useful of these are listed below, together with the
ages of subjects whose understanding was assessed:- studies by
Deadman, 1976 (11-15 year old British boys); Kargbo, Hobbs and
Erickson, 1980 (6-14 year old Canadian children); Brumby, 1979
(British university students) and Maxwell, 1978 (18 year old
British schoolchildren and British university students).

A number of research workers has commented on the neglect of
biological topics in concept development studies (Okeke, 1976;
Woolley, 1979-and Kargbo, Hobbs and Erickson, 1980). Various
suggestions have been put forward to explain this omission.
Piagetian tasks involve physical science concepts (e.g. pend-
ulums, force, motion, etc.) and fhere are no protocols drawn
from biology. Okeke (1976) and Kargbo, Hobbs and Erickson
(1980) suggest that the popularity of Piagetian frameworks for
investigations has resulted in neglect of biological topics.
It has also been proposed (Shayer, 1974) that many biological
concepts are more difficult to analyse because they aré



non-hierarchical, and tend instead to be elaborately interwoven
with related concepts. Woolley (1979) makes the very plausible
suggestion that biological theories are difficult to investigate
because they have a less formalised structure than physical sci-
ence concepts, and thus there is a much greater reliance on
ordinary language, with all its attendant vagueness.

There is no doubt that the concept of evolution as a relation-
ship between changes in the environment and the production of
changes in characteristics within the reproductive systems of
organisms includes a number of very difficult and sophisticated
ideas. It is important to note that several aspects of neo-
Darwinian evolutionary theory are currently being challenged in
the scientific literature. The lack of palaeontological evi-
dence for the smooth and continuous evolutionary change of
species (always a problem for evolutionary theorists) is under
scrutiny, and a reinterpretation is proposed. The theory of
'punctuated equilibrium' (Ridley, 1981) suggests that evolution-
ary change has in fact occurred more jerkily - that is with
periods of rapid change (the time of 'speciation') interspersed
witH long periods of quiescence. In addition, experiments by
Steele and Gorczynski (1981) provided evidence of inheritance
of an acquired characteristic (of immune tolerance in mice),
though replication of these results is proving problematic
(Robertson, 1981).

Some blocks in pupils' understanding have been identified in the
studies mentioned above. For example, evolutionary adaptations
tend to be discussed with respect, not to populations, but to
jndividual organisms (Maxwell, 1978; Brumby, 1979). The time-
scale of evolution is obviously also an extremely difficult
aspect to grasp, as was demonstrated in the studies by Brumby
(1979), Maxwell (1978) and Deadman (1976). It is possible to
tease out from the literature a number of general problem areas
relating to the understanding of evolution.
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Understanding of evolution

(1) Teleological and anthropomorphic interpretations
A central theme in published studies is the teleological inter-
pretation given by students to several concepts within evolution.
Teleological interpretations indicate the belief, for example,
that adaptations are due to the purpose or design that is served
by them - that is, evolution. A number of investigators (e.g.
Deadman, 1976; Brumby, 1979; Jungwirth, 1977 and Angseesing,
1978) comment on the Lamarckian flavour of explanations, with
frequent references to 'inner needs', to some undefined internal,
unconscious drive. Explanations are also often found to be
anthropomorphic (Jungwirth, 1975, 1977) - for example, adaptation
may be described as a conscious process, with reference to -
animals' needs or wants. Jungwirth (1977) has shown that many
biology educators (teachers, text-book writers) describe evolu-
tion in stridently teleological and anthropomorphic terms. He
castigates bio]ogists for these modes of expression, and fears
that students are likely to interpret them literally rather than
metaphorically. Examples are certainly not hard to come by.
The following quotations are taken from one episode (Episode 2)
of David Attenborough's commentary to 'Life on Earth' (B.B.C.
television, 23.1.79):

"This creature, encbuntering no change, sees no cause for change."
(these modifications are) "experiments in animal design."
"Crustaceans have modified their limbs into many different tools."

It seems possible, though, that the use of teleological and
anthropomorphic expressions in relation to evolution may reflect
linguistic difficulties in some cases, as well as genuinely
representing these interpretations in others. It is, quite
simply, very difficult to talk about the process of adaptation
in any other way. In order to avoid possible teleological
implications, complicated circumlocutions must be used (Ghiselin,
1966). Some of the instruments designed to diagnose a tele-
ological interpretation rely on extremely precise understanding
and use of language by the respondents. An example is the



Tinguistic hair-splitting required to distinguish the alternat-
ives in Maxwell's Questionnaire A (Maxwell, 1978). His subjects
were post-graduate biologists, so perhaps in this case it was
justifiable. Deadman (1976) (see also Deadman and Kelly, 1978)
conducted a detailed ideographic study on pupils' thinking about
evolution based on interviews with 52 Grammar school boys, aged
11-15 years. Deadman identified seven 'foci' of pupils' think-
ing about evolution (examples of foci are the process of adapta-
tion and chance in evolution). He then grouped pupil ideas for
each aspect or focus. Not surprisingly, he found large gaps in
the boys' interpretative frameworks. Deadman and Kelly (1978)
suggest that 'naturalistic' (i.e. Lamarckian) explanations were
shown, on deeper probing in interview, to be a way of saying

"I don't know". They found that the boys were very ready to
abandon naturalistic answers.

But, despite the linguistic complexities, it does seem likely
that Lamarckian interpretations of evolution are often sincerely
held, not only by younger children, but also by university
students (Brumby, 1979; Maxwell, 1978).

Adaptation - several meanings

The term 'adaptation’ is fraught with difficulties and it is
this aspect of evolution which constitutes a key focus for

investigation in the'bresent study. The term refers both to
the characteristics of an organism which fit it for a part-

jcular environment, and also to the process whereby a popula-
tion is modified towards greater fitness for its environment.
Several workers have commented on this bipolarity (Deadman

and Kelly, 1978; Maxwell, 1978 and Lucas 1971) and it is

clear that these two aspects of adaptation must be kept dis-
tinct when exploring children's understandings. Maxwell (1978)
found that the two aspects (feature and process) were rarely
linked by 'A' level and university students. Adaptation as a
process is, of course, inextricably bound up with the concept

of evolution. Deadman (1976) reports that the younger boys in .

his sample described adaptation as an end-product (feature) of
a change in response to environmental change, whereas some
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older boys, who had a good understanding of the concept of
survival, described adaptation as a process. Most of the boys

in Deadman's study talked in interview about why rather than
how adaptation occurred.

A further complication arises because 'adaptive features' may

be inherited or they may not. The word ‘adaptation' can per-
fectly legitimately be used to describe changes acquired in an
individual organism's life-time. Such changes are not them-
selves inherited but they do, of course, only come about in the
first place because the individual possesses some genetic pre-
disposition for change. There is evidence (outlined below) that
the distinction between inherited and non-inherited adaptive
features also causes problems of understanding.

Evolution and genetics

Investigators report that links between genetics and evolution
are rarely made. Deadman and Kelly (1978) found that the pupils
in their sample had few valid concepts concerning the source of
variation. Indeed, the subtlety of the process of natural
selection was not recognized - it was generally referred to at
an inter-specific level. Only a few older boys revealed an
awareness of ihtra-specific selection, with cumulative effects
on the characteristics of the species. Variation was not a
focus of concept structure and its links with the concepts of
adaptation and selection were not established thus resulting

in blocks in understanding of how adaptation occurred. Written
tests administered to sixty-three university students, forty-
nine of whom had done 'A' level biology, revealed no understand-
ing at all of variation within a population caused by spontaneous
mutations (Brumby, 1979). Brumby also reports that the students
in her sample were confused between non-inherited changes occur-
ring within the lifetime of the organism and inherited changes
occurring in populations over time. Some of the tasks in the
jncisive study by Kargbo, Hobbs and Erickson (1980) were des-
igned precisely to investigate whether children distinguished
between environmentally-produced characteristics and purely
inherited traits. They interviewed thirty-two Canadian




children of average ability (aged 6-14 years) and found wide-

spread belief in the inheritance of acquired characteristics.

The results they describe are so categorical because the

examples they presented to the children seem so very improbable

to adults. For example, twelve children, including six aged
ten years and over, thought that if a man and his wife both
lost thumbs in a train accident their child, born subsequently,
would also be thumb-less. And fourteen children, including '
seven aged ten and over, thought that a lame puppy would be
born to a female dog who limped as a result of a road accident.

The other tasks in this study asked for predictions of off-

springs' inherited characteristics from observations of

parental phenotypes. The two examples were the inheritance of
colour in dogs and height in humans. They found that even the
youngest children in their sample (six and seven year olds) had
well-established theories to explain inheritance. Eighteen
children (including ten aged ten and over) thought that the
mother dog gave more colour to the puppies. The questions on
human height indicated clearly that most children thought that
the same-sex parent was the determiner of this characteristic.

The authors found that it was possible to classify the explan-

ations offered for all the questions into four broad categories.

These were:-

(a) Environmental, with predictions made only in terms of
environmental faqctors such as sun, water, food or parental
care

(b) Somatic, with strictly somatic agents (such as nerves,
brain, blood) responsible for the control of inheritance

(c) Naturalistic, with explanations in terms of nature, life
cycles, sex-resemblance with parent etc. (50% of pupils
fell into this category)

(d) Genetic Principle, found only among pupils over ten years
of age, with some kind of genetic principle invoked either

directly or indirectly for the determination of an inherited
trait.

An examination of the literature thus indicates that teleological
and anthropomorphic interpretations of evolution are common,. and
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that the process of adaptation and the link between evolution
and mechanisms of inheritance are poorly understood. The
jdeographic studies of Deadman (1976) and Kargbo, Hobbs and
Erickson (1980) indicate that children who have not been form-
ally taught the subject and also very young children possess
clearly-formulated alternative frameworks relating to
inheritance and evolution.

In the following chapter the design of the present investigation
and methods chosen to describe pupil understandings of the three
selected concept areas are discussed in detail.



39

CHAPTER 3
DESIGN OF THE INVESTIGATION AND. METHODS OF ENQUIRY

This chapter begins with an overview of the research design. This
js followed by a description of group instruments used and then by
a detailed account of procedures and problems connected with the
collection and analysis of interview data.

I Outline of the research plan

A. Introduction

During the summer term, 1979, interviews were conducted with
eighty-four boys and girls of all abilities in order to eluc-
jdate their detailed understandings of the selected concept
areas. They attended three secondary (comprehensive) schools
in Sheffield and were from the first, third and fifth year-
groups (ages twelve, fourteen and sixteen years). The inter-
view schedules had been previously developed during a pilot
study earlier in the year. In winter 1980-81 (after a twenty
month interval) the two younger groups in the interview sample
were re-interviewed. Thus, the desigh incorporates a combin~
ation of cross-sectional and longitudinal data collection
(referred to as the 'convergence method' by Wohlwill, 1973).

The interviewees were chosen from a larger sample of two hundred
and fifty pupils (a stratified sample selected by a relational
thinking test). This larger sample completed written science
tests consisting of Assessment of Performance Unit (APU) items
on the chosen aspects of pressure, heat, and evolution.

The overall plan is represented diagramatically in Figure 1
and the timetable for data collection is given overleaf.
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Timetable for data collection

PILOT STUDY
March-April, 1979 Pilot study - interviews and trial

administration of Shipley and written
-science tests in pilot school.

MAIN STUDY

March-April, 1979 Shipley tests in three schools
April-June, 1979 Written science tests in three schools
May-June, 1979 . First-round interviews in three

schools (84 pupils)

January-March, 1981 Second-round interviews in three
' schools (58 pupils)
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The schools

Assessment of the effect of teaching variables (such as teach-
ing styles) was not an objective of this study, though some
information on the coverage of the topics under investigation
in the school science syllabus was obtained from the Heads of
Science. By selecting pupils from three schools, it was hoped
to take some account of ‘curricular bias' (that is t