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Abstract: Rudge (2004) shares how the history of research on industrial melanism can be 
used instrumentally to address misconceptions and promote understanding of several 
issues associated with the nature of science (NOS). During the three-day unit, the 
instructor uses predictable, student-generated ideas to motivate discussions of past 
theories and experiments by scientists. These lesson plans emphasize an explicit and 
reflective approach (c.f. Abd-El-Khalick & Lederman 2000) to the learning of NOS. In 
this paper we present preliminary results of a pilot study assessing the extent to which the 
unit is indeed effective with reference to several specific nature of science issues, 
including the nature of theories and experiments, theory change, how the results of 
experiments are interpreted, and what role imagination and creativity play in science. The 
efficacy of this unit is assessed by means of open-ended surveys (VNOS) (Lederman 
Abd-El-Khalick, Bell & Schwartz 2002) and follow-up interviews.  
 
1. Introduction 
 
What’s the best way to learn science? It is widely recognized amongst science educators 
that the best way to learn science is to do science, i.e. engage in the sorts of reasonings 
and behaviors that characterize those who professionally do research on scientific 
phenomena, namely scientists. The reasons seem obvious, and indeed, many would argue 
that the learning of science suffers to the extent that classroom practice departs from 
faithfully representing the activities of those who do science professionally.  
 
What’s the best way to learn about science? Here one would like to think that by parallel 
reasoning there would be broad consensus amongst science educators that the best way to 
learn about science is to engage in the sorts of reasonings and behaviors that characterize 
those who professionally do research on the nature of science, namely historians, 
philosophers and sociologists of science. In short, the best way to learn about the nature 
of science is to reflect upon the practice of science, past and present. The reasons for this 
seem likewise clear, if for no other reason than because genuine insight into the nature of 
science requires conceptual analysis of how scientists reason, an appreciation of how 
science has historically evolved over time, and the fact that the practice of science takes 
place within communities characterized by social and cultural norms.  
 

                                                
†This paper has been submitted for inclusion in a conference volume associated with the 
International History, Philosophy and Science Teaching Group 2007 Meeting held in 
Calgary, Canada. 
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Guided by this intuition, historians, philosophers and sociologists of science have long 
extolled the enormous potential history and philosophy of science has for the teaching 
and learning of and about science (Matthews 1994). But while the literature is filled with 
academic writings that defend the use of history and philosophy of science in the 
classroom and/or provide suggestions for how to best incorporate it (e.g. Conant 1951, 
Klopfer 1964, Matthews 2000, McComas 2000), relatively few have attempted to 
document its efficacy vis-à-vis issues associated with the nature of science (e.g. Abd-El-
Khalick 1998, Abd-El-Khalick & Lederman 2000, Howe 2004, Irwin 2000, Solomon et. 
al. 1992). 
 
Part of the difficulty establishing whether and to what extent history can help students 
learn about the nature of science is that naive conceptions about these issues are 
particularly tenacious and resistant to change (Abd-El-Khalick & Lederman 2000). To 
address this, Fouad Abd-El-Khalick and other associates of the Lederman group have 
advocated an explicit and reflective pedagogical approach (c.f. Abd-El-Khalick & 
Lederman 2000) to the teaching of issues associated with the nature of science (e.g. 
Ackerson, Abd-El-Khalick & Lederman 2000, Khishfe & Abd-El Khalick 2002). By 
“explicit”, these authors mean that treatment of nature of science is a planned 
instructional activity involving direct examination and discussion by students, in contrast 
to implicit approaches in which the student is presumed to ‘pick up’ an understanding of 
the nature of science merely by learning the conceptual material or engaging in the 
process of science. By “reflective” they draw attention to the importance of providing 
students with opportunities to reach their own insights into the nature of science issue as 
a result of their own deliberations rather than didactically telling them what to believe.  
 
Previous empirical research using this explicit and reflective approach has been 
inconclusive. Abd-El-Khalick (1998, Abd-El-Khalick & Lederman 2000) found only 
modest changes in participants’ conceptions of nature of science issues after attending 
history of science courses. He interpreted the limited amount of change he was able to 
detect as an indication of the difficulty students have making sense of the views of 
historical actors, which were developed in a context quite foreign to their own. But the 
limited nature of change he observed may have more to do with how history was taught 
in the three history courses of his study (by lecture) than the inefficacy of history of 
science per se. Howe (2004, Howe & Rudge 2005) conducted a study to assess the effects 
of an eight class unit using the explicit and reflective approach based loosely on the 
history of research on sickle-cell anemia. History of science in this study was used 
instrumentally to create a series of interrelated problems that invited participants to study 
a single mystery disease from the perspective of multiple subdisciplines in biology.1 
Howe’s study documented that the unit did promote some change in students’ 
conceptions of several select issues associated with the nature of science, and indeed we 
think it is altogether striking that the one issue Howe was unable to document change on, 
namely the nature of laws, was one that is not well motivated by the history of research 
on sickle-cell anemia.  
 

                                                
1 See Rudge & Howe, m.s. for a discussion of the advantages of this instrumental approach to the use of 

history in the science classroom. 
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In this paper we present preliminary results of a study on a three class instructional unit 
developed with reference to the history of research on industrial melanism, which 
likewise uses Abd-El-Khalick’s recommended explicit and reflective approach to the 
teaching of issues associated with the nature of science. Like Howe’s previous study, 
history is used instrumentally to place students in a similar (but not identical) problem 
solving context to that faced by past scientists. This study was intended to address two 
questions: (1) Did the Mystery Phenomenon Unit improve student understandings of a 
targeted set of issues associated with the nature of science? and, (2) If so, what was it 
about the unit that led to these changes? 
 
2. Method 
 
2.1 PARTICIPANTS 
The study was initiated under the auspices of a Human Subjects Institutional Review 
Board at a large Midwestern university during the Spring 2007 term. It took place in the 
context of an introductory biology course (BIOS 1700 Life Science for Elementary 
Educators I) taken by future elementary school teachers. The instructional sequence of 
interest was taught as part of a small section laboratory by the first author over three 
successive lab sessions as part of a final unit devoted to evolutionary biology. Lab 
sections were taught by inquiry (i.e. laboratory instructors taught primarily by means of 
carefully questions aimed at facilitating student driven discussions of and about 
biological topics and the process of science). Students also attended a two hour “lecture” 
once a week also taught by the first author. Lecture sessions were devoted to practicing 
example problems of the sort that would appear on the final exam, with students 
attempting to solve problems on their own and with the help of the person seated next to 
them before the class as a whole discussed their answers.  
 
The potential pool of participants was 19. The actual number of students who agreed to 
participate in the study was 14. Eleven of these participants completed pre and post 
surveys, and among them, six agreed to be interviewed. All of the participants were white 
females. They ranged from 18-30 years old; the average age was 21.  
 
2.2 CONTEXT AND INTERVENTION 
BIOS 1700 Life Science for Elementary Educators I is an introductory biology course, 
one of six science content courses taken at the university by elementary education majors. 
Each of these courses features an open-ended problem solving environment in which 
students are encouraged to take charge of their own learning.  BIOS 1700 has four units  
devoted to taxonomy, anatomy and physiology, ecology and evolution. A companion 
course, BIOS 2700 Life Science for Elementary Educators II, contains three units devoted 
to more advanced topics (genetics, molecular and cell biology, and a capstone unit that 
invites students to bring their understanding of all of these subdisciplines to bear on a 
single phenomenon). 
 
The three day instructional sequence of interest in the present study is based upon the 
history of research on industrial melanism, presented to students as “The Mystery 
Phenomenon.” (A brief review of this intervention is provided below, additional detail 
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regarding how each class was conducted may be found in Rudge 2004.) During the first 
lab session, the instructor shares a series of observations made by naturalists during the 
mid to late nineteenth century that led them to notice a pattern in nature. Students are 
invited to identify the pattern and come up with their own ideas for why it is occurring. 
The instructor invites students to explicitly discuss not only why they think the 
phenomenon is occuring, but also the reasons that suggest their ideas are plausible and 
worthy of further consideration. In the next class students learn that the highly predictable 
ideas they came up with are in many ways similar to theories actually proposed by past 
scientists. After discussing three distinct theories, the instructor invites students to 
explicitly and reflectively (c.f. Abd-El-Khalick & Lederman 2000) discuss what theories 
are in general and how scientists choose among them using still other examples. Students 
discuss how the three theories might be tested by means of observation and experiment. 
Student responses are entirely predictable, and as such can be used to motivate 
discussions of the results of similar experiments by past scientists. Students are invited to 
consider the results from the perspective of both advocates and critics of each theory. 
This quite naturally leads to an explicit, reflective discussion of what experiments are in 
science and whether they are always necessary.  In the third and final class, students view 
a film (Evolution in Progress) that appears to conclusively demonstrate that the 
phenomenon should be understood in terms of natural selection. The instructor then 
reveals “the rest of the story”, additional details that draw attention to the fact that the 
mystery is much more complicated than textbooks would have us believe. A concluding 
discussion invites participants (all of whom are future elementary school teachers) to 
discuss how they will help their students recognize how very misleading textbook 
accounts can be.2  
 
2.3 PROCEDURE 
Open-ended Surveys 
A list of the questions used before and after the instructional sequence of interest by the 
second author in the absence of the first author is provided as Appendix A. (The actual 
surveys administered to students differed only in the inclusion of large amounts of space 
between questions to provide students with sufficient room for their responses.) The 
survey includes six separate questions, each question addressing a distinct issue 
associated with the nature of science that has been emphasized in recent reform 
documents (AAAS 1990, NRC 1996). Question 1 was created by the third author in 
connection with a previous similar research project (Howe 2004).  Questions 2-5 were 
taken from the Views of Nature of Science version C (VNOS-C), discussed in detail in 
Lederman Abd-El-Khalick, Bell & Schwartz 2002. (The design of the VNOS survey and 
the method for its validation are discussed in detail in Lederman & O’Malley 1990.)  
 
Semi-structured Interviews 
Lederman and O’Malley (1990) demonstrated that the validity of open-ended surveys is 
enhanced when used in conjunction with semi-structured interviews. Interviews allow the 

                                                
2 Only one lecture session took place during the course of this three lab sequence. Students practiced 

problems that invited them to distinguish evidence for natural selection from evidence for common descent. 

They also practiced explaining microevolutionary phenomena in terms of natural selection and did some 

concept mapping. 
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investigator to clarify students are interpreting questions as intended and conversely 
clarify the investigator is interpreting students responses as they intended. They are also 
potentially valuable in providing further insights into why a participant’s views have 
changed, because during the course of the interview the interviewer can pointedly ask 
students to clarify what factors led them to change their answers. 
 
All 11 students who completed both the pre- and post- surveys were invited to participate 
in half hour interviews at the conclusion of the unit for a small financial reimbursement 
($20) in order to ensure that at least five would take part. The interviews were conducted 
by the second author in the absence of the first author. (The second author was previously 
trained by the third author in connection with a previous similar research project (Howe 
2004). This training involved reading several relevant articles in the literature (e.g. Abd-
El-Khalick & Ledermann, 2000; Palmquist & Finley, 1997; Ginsberg 1997), copies of 
student written responses to pre- and post- surveys, and mock interviews.) 
 
During the interviews of the present study, the second author asked each student to reread 
both the survey questions aloud and their responses. The interviewer asked questions 
aimed at clarifying whether the student understood the original question and also the 
specific wording of the students’ answers. Students were then invited to paraphrase their 
responses and, when change occurred, discuss what led them to change their answers. 
 
2.4 DATA ANALYSIS 
Data was analyzed in a manner similar to established protocols in similar research into 
student conceptions of the nature of science (Abd-El-Khalick 2001, Abd-El-Khalick, Bell 
& Lederman 1998; Ackerson, Abd-El-Khalick & Lederman 2000, Howe 2004, Palmquist 
& Finley 1997). The first author read through all the pre- and post- surveys to identify 
emergent themes amongst student responses to each of the questions considered in 
isolation. For each question he was able to identify 4-7 themes, which provided a basis 
for subsequent coding of student responses. The first author then considered each 
response once more with reference to the student’s response to other questions. This was 
done primarily against the possibility a student’s response to another question might 
clarify his or her intended answer.  
 
The reliability of this coding of data was assessed by having the third author 
independently categorize 20% of the completed surveys (randomly chosen from both pre- 
and post- surveys) using the first author’s coding scheme. The inter-rater reliability, or 
degree to which the independent coding of the third author agreed with that of the first 
author was 84%. 
 
Survey data was used primarily to identify and track the frequency of nature of science 
conceptions held by the participants, some of which can be identified as representing 
naïve and more sophisticated views of the nature of science. Aggregate comparisons of 
pre- and post- survey responses (discussed below) provide evidence of change within the 
study population as a whole.   
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3. Results 
 
3.1 STUDENT PREINSTRUCTIONAL CONCEPTIONS 
Taken as a whole, students’ pre-instructional conceptions of targeted issues associated 
with the nature of science were relatively naïve. This is consistent with previous findings 
by Abd-El-Khalick 1998 and Howe 2004. 
 
Question 1 invited participants to share their understandings of what theories are, how 
they are created, and an example of when they have personally used a theory. This 
question was designed by the third author to discern whether students recognize theories 
are answers to questions (rather than guesses), the important explanatory role theories 
have in science, the use of background knowledge in the creation of theories, and also 
whether they could identify a previous experience in which they had personally created 
or used a theory. Prior to instruction, the majority of students (n = 9, 64.3%) wrote 
responses suggesting that a theory was either merely an idea/belief/educated guess or 
emphasized it was an unproven idea/belief/guess. Only a few (n = 3, 21.4%) identified 
theories as answers or explanations.  
 
Question 2 followed up on the first by asking students to consider whether theories ever 
change, and if so, why. The naïve conception often held by students is that scientific 
knowledge once discovered never changes, it is either wholly accepted or wholly 
abandoned (Cotham & Smith 1981). A more sophisticated understanding includes 
recognition that not only do theories change over time (as the result of new findings or 
technology), but that such changes may result from the reinterpretation of existing data. 
Prior to instruction, most of the student responses (n = 12, 85.7%) indicated that the 
student recognized that theories do change, identifying this as a consequence of new 
information (n = 6, 50%), the theory being proven/disproven (n = 6, 50%), or new 
technology (n = 4, 33%). But only a fourth (n=3, 25%) of those recognizing theories can 
change mentioned this could happen as a result of one theory being replaced by another 
or the reinterpretation of data. 
 
Question 3 asked students to define what they think an experiment is. A naïve conception 
identifies experiments as tests. A more sophisticated understanding draws attention to the 
direct role experiments play in testing hypotheses, the indirect bearing of results of such 
tests on theories, and also (in the context of biology) the distinction between an 
experiment and an observation (the former involves perturbing the system being studied). 
Prior to instruction, all of the participants identified experiments as tests of some sort, 
most identified experiments as tests of theories (n = 6, 42.9%); only a few (n = 2, 14.3%) 
identified experiments as tests of hypotheses.  
 
Question 4 invited students to consider whether experiments were essential for the 
development of scientific knowledge. A scientifically literate person recognizes that 
scientific knowledge can change for other reasons (e.g. observations and the 
reinterpretation of existing data). All of the participants claimed experiments were 
required for the development of scientific knowledge, most claiming this was necessary 
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in order to have proof (n = 12, 85.7%), and some (also) suggesting that experiments 
provide information not possible by other means (n = 4, 28.6%). 
 
Question 5 asked students to account for how it is possible that two groups of scientists 
looking at the same data could reach different conclusions. A naïve conception often 
stresses the underdetermination of theories by data; a more sophisticated conception 
includes recognition that the same data can be interpreted differently by virtue of 
differences in scientists’ theoretical and experimental frameworks. Prior to instruction, 
the majority of participants recognized that scientists can interpret data differently (n = 
10, 71.4%), but most mentioned that the evidence may be insufficient to decide (n = 8, 
57.1%). 
 
Finally, Question 6 invited students to consider whether imagination and creativity play 
any role in scientific investigations. A naïve conception may acknowledge that 
imagination plays some role, but often portrays this as an aberration to be avoided. A 
more sophisticated understanding draws attention to the role of imagination and creativity 
in all stages of the investigation, from coming up with the design to figuring out how to 
collect data and interpret it. Prior to instruction only two students (n = 2, 14.3%) 
identified a role for creativity and imagination in all stages of an investigation. Most (n = 
7, 50%) suggested it was limited to planning and design. Two student responses (n = 2, 
14.3%) implied they identified imagination and creativity with fabricating false data. 
 
3.2 CHANGES IN NATURE OF SCIENCE CONCEPTIONS 
To analyze whether change had occurred, and if so, what aspects of the instructional were 
responsible for this change, student responses pre- and post- instruction were compared 
for the eleven students who completed both surveys. Six of these eleven also agreed to be 
interviewed. On the whole, students’ post-instructional conceptions were still largely 
naïve, but there is some encouraging evidence to suggest that certain aspects of the unit 
were effective with reference to several specific issues associated with the nature of 
science. 
 
Change in Student Conceptions of the Meaning of a Scientific Theory 
Table 1 compares participants’ conceptions of the nature of scientific theories. Prior to 
instruction, only a couple of the responses indicated an awareness of the explanatory role 
theories play in science (n = 2, 18%). By the end of the instructional sequence this 
number had doubled (n = 4, 36%). A significant decline was seen among responses in the 
extent to which they emphasized the unproven nature of scientific theories, but at the end 
of the instructional sequence, most students (n = 7, 63%) still viewed theories largely in 
terms of educated guesses.  
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Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 A theory is an answer/explanation n = 2 

18% 

n = 4 

36% 

2 A theory is merely an initial idea/belief/educated guess n = 4 

36% 

n = 7 

63% 

3 A theory is an unproven idea/belief n = 4 

36% 

- 

4 A theory is a proven idea/belief n = 1 

9% 

- 

 
Table 1. Changes in StudentsÕ Conceptions of The Nature of Scientific Theor ies 

 
Table 2 compares participants’ conceptions of how scientific theories are created. Prior to 
instruction, most students were aware that theories are created to explain some naturally 
occurring phenomenon, and that the process involves background research. Interestingly, 
just over a fourth of the students prior to instruction thought theories might be the result 
of observations or experiments (n = 3, 27%). This number declined after the instructional 
unit (n = 1, 9%). 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 The creation of a theory involves background research, 

using previously known knowledge to predict or 

explain something 

 

n = 6 

55% 

n = 5 

45% 

2 Theories are created as a result of someone making a 

prediction or guess (on basis of previous observations) 

 

n = 1 

9% 

n = 3 

27% 

3 Theories come from questions - - 

4 Theories come from observations n = 1 

9% 

- 

5 Theories are the result of tests/experiments 

 

n = 2 

18% 

n = 1 

9% 

6 Unclear/nonsensical 

 

n = 1 

9% 

n = 2 

18% 

 
Table 2. Changes in StudentsÕ Conceptions of How Scientific Theor ies are Created 

 
Table 3 compares participants’ examples of when they have used theories. Prior to 
instruction about half (n=5, 45%) relied on non-scientific examples from everyday life, 
with most of the remainder choosing scientific examples, with several specifically 
mentioning a plant investigation project they were currently working on. After 
instruction, a greater proportion of the students relied on scientific examples (n = 7, 63% 
vs. n = 5, 45%). 
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Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Everyday example, not scientific 

 

n = 5 

45% 

n = 3 

27% 

2 Scientific examples n = 3 

27% 

n = 3 

27% 

3 The Plant Investigation n = 2 

18% 

n = 4 

36% 

4 Examples of Other Person’s - - 

5 No answer 
 

n = 1 
9% 

n = 1 
9% 

 
Table 3. Changes in StudentsÕ Examples of When They Have Used a Scientific Theory 

 
Change in Student Conceptions of the Tentative Nature of Science 
 
Table 4 compares participants’ views regarding whether scientific theories ever change. 
(Analysis of survey results led the investigators to conclude it would be impossible to 
uniquely categorize student responses by a single theme.) Prior to instruction, most 
students (n = 8, 72%) recognized that theories can change; one student denied theories 
change at all, another essentially answered yes and no. Those who thought theories could 
change disagreed regarding what factors might lead theories to change. After instruction, 
all students agreed theories can change, with a slightly larger proportion indicating this 
might be the result of a theory being replaced by a better one or the reinterpretation of 
existing evidence. 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Theories change as a result of new 

information/evidence  

n = 5 

45% 

n = 9 

82% 

2 Theories change as a result of the theory (or part) 

being proven or disproven 

n = 5 

45% 

n = 4 

36% 

3 Theories change as a result of technology n = 2 

18% 

n = 3 

27% 

4 Theories change as a result of being replaced by better 

theories/reinterpretation of evidence 

n = 3 

27% 

n = 4 

36% 

5 Theories change because we can’t be certain  - n = 1 

9% 

6 No, theories don’t change n = 2 

18% 

- 

7 Nonsense n = 1 

9% 

- 

 
Table 4. Changes in StudentsÕ Conceptions of Whether  and How Theor ies Change 

 
Table 5 compares participants’ examples of theory change. (A couple of students 
volunteered two examples.) Prior to instruction, the vast majority of students (n = 9, 
82%) were able to identify a valid example of a theory; but only a few (n = 3, 27%) did 
so reflectively. After instruction, nearly all of the students were able to provide a valid 
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example of a theory (n = 10, 91%), and a larger segment (n = 5, 45%) were able to do so 
reflectively. 
 
Two students specifically drew upon examples from the Mystery Phenomenon Unit: 
 

“An example is in BIOS 170, Ford decided to further a previous theory about why moths were 

dark in color. He added his own claim to make a previous one in more depth.” (Student 35-8, post 

survey) 

 

“The moths w/the industrial revolution- theories were changed due to evidence, lack of evidence + 

dif. theories and ideas.” (Student 38-9, post survey) 

 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Valid & reflective example from the Mystery 

Phenomenon Unit  

- n = 2 

18% 

2 Vague reference to example from the Mystery 

Phenomenon Unit 

- n = 1 

9% 

3 Valid & reflective example n = 3 

27% 

n = 3 

27% 

4 Valid, but no reflection n = 7 

63% 

n = 5 

45% 

5 Invalid example  n = 3 

27% 

- 

 
Table 5. Changes in StudentsÕ Examples of Theory Change 

 
Change in Student Conceptions of the Meaning of Experiments 
Table 6 compares participants’ views regarding the nature of experiments. (Analysis of 
survey results led the investigators to conclude it would be impossible to uniquely 
categorize student responses by a single theme.) Prior to instruction, the vast majority of 
students (n = 10, 91%) indicated that they thought of experiments as tests. Many of them 
did not clarify what experiments are tests of (n = 3, 30%); half referred to them as tests of 
theories (n = 5, 50%), and the remainder identified them as tests of hypotheses (n = 2, 
20%). After instruction a larger proportion mentioned that experiments are used to find 
out information (n = 5, 45% vs. n = 3, 27%). Of the nine who indicated that experiments 
are tests, over half claimed experiments are tests of theories (n = 5, 55%), one claimed 
experiments are tests of hypotheses (n = 1, 11%), and one claimed experiments could be 
tests of both (n = 1, 11%).  
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Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Experiments are tests of hypotheses  n = 2 

18% 

n = 4 

36% 

2 Experiments are tests of theories n = 5 

45% 

n = 5 

45% 

3 Experiments are tests (unspecified) n = 3 

27% 

n = 2 

18% 

4 Experiments are ways of finding out information n = 3 

27% 

n = 5 

45% 

5 Theories are the result of experiments  n = 1 

9% 

n = 1 

9% 

6 Nonsense - n = 1 

9% 

 
Table 6. Changes in StudentsÕ Conceptions of The Nature of Scientific Exper iments 

 
Change in Student Conceptions of the Necessity of Experimental Approaches 
Table 7 compares participants’ views regarding the necessity of experiments. (Analysis 
of survey results led the investigators to conclude it would be impossible to uniquely 
categorize student responses by a single theme.) Prior to instruction, all of the students 
denied scientific knowledge could develop in the absence of experimentation. Most of 
them claimed experiments were necessary to test or prove scientific claims (n = 9, 81%), 
with some (also) suggesting that experiments provide a type of information not possible 
by other means (n = 4, 36%). After instruction, most recognized that the development of 
scientific knowledge does not require experiments (n = 9, 81%). Most now recognized 
that in some scientific disciplines experiments are not possible (n = 6, 55%), with some 
(also) pointing out that it is possible to come across new information in the absence of 
experiments (n = 5, 45%). 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 No, in some disciplines it isn’t possible  - n = 6 

55% 

2 No, it is possible to stumble on evidence - n = 5 

45% 

3 Yes, to understand the system well n = 4 

36% 

n = 1 

9% 

4 Yes, in order to have tests/proof n = 9 

82% 

n = 2 

18% 

 
Table 7. Changes in StudentsÕ Understandings of the Necessity of Scientif ic Exper iments 

 
Table 8 compares participants’ examples for their previously stated view regarding the 
necessity of experiments. Pre-instructional responses were particularly revealing in that a 
substantial number of those who thought experiments were necessary for scientific 
knowledge to develop chose examples that were not experimental (n = 4, 36%). This 
finding, taken together with the results for the previous question strongly suggests that 
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most if not all of the students prior to the instructional sequence equated experiments 
with hypothesis testing. Post-instructional responses by students who now recognized the 
development of scientific knowledge does not require experiments included numerous 
examples taken from earth and space science (e.g. references to the fact that geologists 
study the formation of mountain chains despite the fact that it is from a practical 
standpoint impossible to conduct experiments). 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Example of the development of scientific knowledge 

in the absence of experiments  

 

- n = 6 

55% 

2 Example in favor of the necessity of experiments that 

is not an experiment 

 

n = 3 

27% 

- 

3 Example of trial and error from everyday life n = 1 

9% 

n = 1 

9% 

4 Example of an experiment n = 3 

27% 

n = 1 

9% 

5 None given n = 4 

36% 

n = 3 

27% 

 
Table 8. Changes in StudentsÕ Examples of the Necessity of Scientif ic Exper iments 

 
Change in Student Conceptions of the Subjective Nature of Science 
Table 9 compares participants’ perspectives regarding how it is possible for two groups 
of scientists to examine the same data and yet reach different conclusions. (Analysis of 
survey results led the investigators to conclude it would be impossible to uniquely 
categorize student responses by a single theme.) Prior to instruction, the vast majority 
recognized the possibility that scientists might interpret the data differently (n = 9, 82%). 
Most (also) ascribed this to the underdetermination of theories by available evidence (n = 
6, 55%). After instruction two students (n = 2, 18%) drew attention to the possibility one 
or the other of the two ways the scientists mentioned in the question were interpreting the 
data might itself be a common cause. 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Scientists can interpret data differently 

 

n = 9 

82% 

n = 7 

64% 

2 Insufficient evidence 

 

n = 6 

55% 

n = 6 

55% 

3 One might be the cause of the other - n = 2 

18% 

4 Denies same data - - 

 
Table 9. Changes in StudentsÕ Explanations for  How Different Conclusions are Possible 
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Change in Student Conceptions of the Role of Creativity and Imagination in Science 
Table 10 compares participants’ perspectives regarding what role, if any, imagination and 
creativity play in science. (Responses to this question permitted the investigators to 
uniquely theme each of the students’ answers.) Prior to instruction, most recognized that 
imagination and creativity play some role in scientific investigations (n = 7, 64%), but the 
vast majority of these responses limited it to planning and design only (n = 5, 71%). 
Among those responses that denied imagination and creativity play a role, there was a 
clear suggestion that they identified imagination and creativity with the fabrication of 
evidence and a departure from logical reasoning. After instruction, all but a couple of 
student responses indicated that imagination and creativity play at least some role in 
scientific investigations (n =9, 82%). There was also evidence amongst these post survey 
responses that the participants recognized the use of creativity and imagination in science 
goes beyond planning and design. 
 
Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Creativity and imagination are used in all stages 

 

n = 1 

9% 

n = 2 

18% 

2 Creativity and imagination are used in all stages but 

data collection 
 

- n = 2 

18% 

3 Creativity and imagination are used for planning and 

design only 

 

n = 5 

45% 

n = 2 

18% 

4 Creativity and imagination are used after data 

collection (only?) 

 

- n = 1 

9% 

5 Creativity and imagination are involved (no indication 

when) 

 

n = 1 

9% 

n = 2 

18% 

6 Creativity and imagination involve the fabrication of 

evidence 

 

n = 4 

36% 

n = 2 

18% 

 
Table 10. Changes in StudentsÕ Understandings of the Role of Creativity and Imagination 

 
Table 11 compares participants’ examples for their previously stated view regarding the 
role of creativity and imagination in scientific investigations. Among the presurvey 
responses, most of those who gave an example were able to supply a valid example that 
gave some indication of reflectivity on their part. The post survey responses are likewise 
difficult to interpret, owing to the fact that nearly half of the participants failed to give an 
example. 
 
One student specifically gave an example from the Mystery Phenomenon Unit: 
 

“The moth experiment in BIOS 170 is an example because the scientists creatively came up with 

theories to be tested.” (Student 35-8, post survey) 
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Theme Description Pre-instruction 

Conception 

N = 11 

Post-instruction 

Conception 

N = 11 

1 Valid & reflective example from the Mystery 

Phenomenon Unit  

- n = 1 

9% 

2 Vague reference to example from the Mystery 

Phenomenon Unit 

- - 

3 Valid & reflective example n = 6 

55% 

n = 4 

36% 

4 Valid, but no reflection n = 1 
9% 

n = 1 
9% 

5 Nonsense/No example given  n = 4 

36% 

n = 5 

45% 

 
Table 11. Changes in StudentsÕ Examples of the Role of Creativity and Imagination 

 
Summary 
The foregoing analysis of the survey data suggests that some modest changes amongst 
participants’ understandings of a select set of issues associated with the nature of science 
did occur as a result of the instructional sequence. In particular, as a group the students 
seemed to have a better sense of the explanatory role theories play in science, their 
awareness that theories are developed to address questions on the basis of background 
research, the fact that theories can change over time and further this may be the result of 
the development of better theories or the reinterpretation of evidence. The foregoing 
analysis provides strong evidence that as a group the students had a better sense of the 
distinction between an experiment and hypothesis testing in general, and further that it is 
possible for scientific knowledge to develop in the absence of experiments.  The 
foregoing analysis also suggests that as a result of the unit, students had a greater 
awareness of the multiple roles imagination and creativity play in scientific 
investigations. 
 
Does the survey provide some evidence that the unit helped students move from more 
naïve to more informed views about issues associated with the nature of science? As 
noted above, student responses were categorized in terms of emergent themes identified 
amongst their responses as a whole (both pre and post). There was no guarantee that 
either naïve nor more informed views would appear amongst their responses; moreover, 
the brief nature of many of their responses on the surveys often precluded any such neat 
identification. This being said, if one restricts one’s attention to responses that can 
unambiguously be identified as representing either naïve views or more sophisticated 
views, there is some evidence that the unit was indeed effective with regard to some of 
the issues (see Table 12).  
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 Pre Survey Post Survey 

Question Naive More Informed Naive More Informed 

1. What are theories?3  n = 2 

18% 

 n = 4 

36% 

2. Can theories change?4 n = 3 

27% 

 n = 0 

0% 

 

4. Are experiments necessary for progress?5  n = 0 

0% 

 n = 9 

81% 

6. Do scientists use creativity and imagination?6 n = 4 

36% 

 n = 2 

18% 

 

 
Table 12. Changes in StudentsÕ Examples of the Role of Creativity and Imagination 

 
3.3 INTERVIEW DATA 
Interview data from six volunteers was initially used to determine whether students 
understood the survey questions as the researchers intended and conversely to provide a 
basis for determining the extent to which participant written responses were being 
interpreted by the researchers as they intended. None of the interviewees indicated any 
confusion regarding the intended meaning of the questions during their interviews. The 
first author recategorized student responses on pre and post surveys in light of comments 
they made during interviews. A comparison of the resulting coding with how responses 
were initially coded in the absence of the interview data revealed only a few 
discrepancies. 
 
In an effort to further elucidate the nature of change that had occurred and gain insight 
into what aspects of the instructional unit were responsible for these changes, survey and 
interview data were analyzed at the level of individual students. Appendix B summarizes 
how pre- and post- survey responses were coded in light of interview data for the six 
students who volunteered to be interviewed. This was done in the hope that one or more 
of the interviewed students underwent change from a relatively naïve to a more informed 
view about the nature of science issues being targeted.   
 
The nature of theories 
Pre- and post- responses for one of the interviewed students suggested that her thinking 
had shifted from thinking of theories as unproven ideas to thinking of them more in terms 
of answers to questions: 
 

“A theory is a widely held but as yet unproven idea in science, i.e. the theory of evolution. There 

is no concrete proof of evolution or the creation theory they are both simply theories.” (Student 

33-6, pre survey) 

 

                                                
3 A more informed view about the nature of theories includes the idea that a theory is an answer or 

explanation, in contrast to views that identify theories as merely ideas, beliefs or guesses (see Table 1). 
4 Denial of the possibility that theories can change represents a naïve view (see Table 4). 
5 Recognition experiments are not always necessary for the development of scientific knowledge represents 

a more informed view (see Table 7). 
6 Denial that creativity and imagination should play a role in nearly any stage of a scientific investigation 

represents a naïve view (see Table 10). 
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“A theory is a proposed answer to a scientific question.” (Student 33-6, post survey) 

 

Curiously, when she was asked to comment on the differences between her two 
responses, she denied that there was a difference at all: 
 
“they say basically the same thing, but the first is more detailed” (Student 33-6, interview) 
 
The above example illustrates just how very misleading survey responses can be in the 
absence of an interview. 
 
Theory change 
One of the students interviewed shifted in her thinking from believing theories don’t 
change to recognition that they did. She attributed this to discussions in lab, during which 
the class reviewed multiple theories used by past scientists to explain the mystery 
phenomenon and how new evidence led them to change their views. 
 
Necessity of experiments for the development of scientific knowledge 
One of the interviewed students was particularly forthcoming regarding what had led her 
to change her views: 
 
Interviewer: “Question 4. Does the development of scientific knowledge require experiments? If yes 

and explain why, and give an example to defend your position, if no explain why, and 

give an example to defend your position. And in the” 

Student: [laughing] 

Interviewer: “You’re laughing because your noting what I’m going to say here, that you’ve modified 

your response 180 degrees. So you went from saying yes that it does, well yes, and then in 

the post you said no. And I’m curious what are your thoughts on it today?” 

Student: “It’s… I’ve never taken this as a factor but we talked about like geologists and studying 

mountains and that kind of thing and obviously if you’re talking about certain uh… 

criteria as far as height or um changes in a mountain’s structure that’s obviously 

something you can’t experiment with you have to rely on like historical information in 

order to come up with a theory behind something. So we talked about geologists and some 

of the things that they do in studying mountains in studying uh different things – earth in 
general. And basically without historical research or information you could never be able 

to find out the things that we know now because we can’t obviously experiment on a 

million foot mountain or whatever…” [laughs] 

Interviewer: “Alright. Uh, so is it fair to say that–and correct me if I am wrong–is it fair to say that 

some of the discussions that you had led to a shift in your view?” 

Student: “Oh absolutely… absolutely.” 

Interviewer: “Were there instances that stand out explicitly in your mind that led to that shift, apart 

from just in general, this discussion about mountains?” 

Student: [Long pause] “The only thing that jumps out I guess is initially before I had it in my mind 

that something had to be tested and basically you had to have proof. So therefore you had 

to do an experiment and prove that this theory or this idea is true. Whereas in this, when I 
went back in after we talked about it in class, you know sometimes we can’t always do 

experiments. So it changed my idea that- OK wait a second here, if we can’t do 

experiments what do we do? You know, how do we prove stuff? And then it went back to 

the case where we kind of dipped into, you know, we have to rely on historic history–

historical information, you know. It’s still research, it’s still … it’s still finding 

information but it’s not a step by step process of hands-on trying something out. It’s more 

taking other ideas from other past experiments or experiences that other scientists have 

had and making them your own.” (Student 29-1, interview) 
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As mentioned above, during the course of this unit students are explicitly invited to 
reflect on what theories and what experiments are. In each case the discussion begins by 
asking students to come up with additional examples. It is particularly striking to us that 
on both the post surveys and in the interviews, students repeatedly referred to examples 
from earth and space science in defending why they no longer thought experiments are 
necessary for the development of scientific knowledge. The instructional sequence was 
completed in connection with the evolutionary unit for the course, during which time 
students were provided multiple examples of the various types of evidence evolutionary 
biologists use to reach conclusions about the past. It is altogether amazing, in light of this 
background, that the examples students found most compelling were in the realm of the 
geosciences. 
 
Role of Imagination and Creativity in Science 
Only one of the students who denied imagination and creativity played a role in science 
on the presurvey, but did identify some role for these elements in the post survey 
volunteered to be interviewed. 
 
“They have to base everything on knowledge + evidence. [Example] Scientists may measure + take 

observations of plants in which case they record color, size, shape, etc. but they don’t record what they 

imagine the plant will look like w/o actual evidence of it. They may try to explain what happened by use of 

data, but they don’t create stories about what they believe.” (Student 30-5, presurvey) 

 
“Planning & design + to form conclusions after data collection. For example one might plan an experiment 

based on what they think the outcome might be, so they may plan an experiment that emphasizes the 

differences among a certain area” (Student 30-5, post survey) 

 
During the interview she attributed the change to her experiences with a plant 
investigation, in which she and a partner went through all of the stages of a scientific 
experiment from identifying a problem for study to developing an appropriate design, 
collecting data and interpreting their results. This was an investigation begun at the start 
of the term, and as such suggests something during the course of the Mystery 
Phenomenon unit might have led her to gain deeper insight into what she had been doing. 
 
Summary 
All six of the interviewed students mentioned aspects of the mystery phenomenon unit 
without initial prompting during their interviews.7 In several instances the interviewer 
drew students attention to differences between their responses on the pre and post 
surveys, but the students did not volunteer what had led to a change in their views. Thus, 
while it remains reasonable to believe that the explicit reflective approach used in 
connection with this unit was responsible for the changes observed, the interview data do 
not provide clear evidence that this was the case. 
 

                                                
7 Student 25-15 mentioned it with reference to her answers to the first three questions of the surveys, 

Student 28-2 with reference to the second question, Student 29-1 with reference to the fourth and sixth 

questions, Students 30-5 and 36-3 with reference to the first two questions, and student 33-6 with reference 

to the third question. 
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4. L imitations And Conclusions 
Aikenhead (1988) draws attention to numerous ambiguities associated with the use of 
forced choice and even open-ended written responses when it comes to assessing what 
students know and believe. In the case of open-ended surveys, such as those used in the 
present study, there are at least three sources of ambiguity that attend to their use. First, it 
is possible that students will not understand the intended meaning of questions. The 
VNOS-C used for this study is the product of the experiences of multiple researchers 
(Lederman & O’Malley 1990, Lederman Abd-El-Khalick, Bell & Schwartz 2002, Howe 
2004). The findings of the present study suggest, consistent with the experiences of these 
other researchers, that misinterpretation of questions by students is not a serious 
limitation. A second source of ambiguity has to do with differences between students and 
investigators with regard to how they interpret terms. The present study provides 
evidence that many of the participants initially equated “experiments” with “hypothesis 
testing”, and indeed it may be that much of the improvement seen in student views 
regarding the necessity of experiments has to do with greater precision in their use of the 
term. A third source of ambiguity Aikenhead identifies has to do with the fact that most 
students are often inarticulate when it comes to sharing their views. This is reflected in 
both their brief responses to questions on the surveys and during interviews in which 
discrepancies were revealed between what the student wrote and what she actually 
believed. Thus, while the survey data was helpful as an initial indicator that change had 
occurred, it proved to be very difficult to interpret. Interviews with students appear to 
provide the most reliable evidence regarding both whether and what about the unit led to 
improved understandings of the nature of science. 
 
On the basis of the foregoing we conclude on the basis of this preliminary study that the 
Mystery Phenomenon Unit did affect some change on several targeted issues associated 
with the nature of science. We believe that the instrumental use of history embodied by 
this unit (in common with Eric Howe’s previous study) is what helped students to put on 
the “required intellectual thinking cap” to make sense of the history being used, but the 
results of this study do not provide clear evidence that this was indeed the case. 
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Appendix A 
VNOS Survey 

 
1. Often in science we hear words like "theories" to describe scientific knowledge. 
 (a) What is a theory? 
 (b) How are theories created? 
 (c) Give an example of when you have created or used a theory? 
 
2. After scientists have developed a scientific theory (e.g. atomic theory, theory of 
gravity), does the theory ever change? 

If you believe that scientific theories do change: 
(a) Explain why.  
(b) Defend your answer with examples. 

 
If you believe that scientific theories do not change: 

(a) Explain why.  
(b) Defend your answer with examples. 

3. What is an experiment? 
 
4. Does the development of scientific knowledge require experiments? 

If yes, explain why and give an example to defend your position. 
If no, explain why and give an example to defend your position. 

 
5. It is believed that about 65 million years ago the dinosaurs became extinct. Of the 
hypotheses formulated by scientists to explain the extinction, two enjoy wide support.  
The first, formulated by one group of scientists, suggests that a huge meteorite hit the 
earth 65 million years ago and led to a series of events that caused the extinction. The 
second hypothesis, formulated by another group of scientists, suggests that massive and 
violent volcanic eruptions were responsible for the extinction. How are these different 
conclusions possible if scientists in both groups have access to and use the same set of 
data to derive their conclusions? 
 
6. Scientists perform experiments/investigations when trying to find answers to the 
questions they put forth. Do scientists use their creativity and imagination during their 
investigations? 

 
If you believe yes, scientists do use imagination and creativity,  
(a) Explain why, indicating which stages this occurs (planning and design, data 
collection, after data collection).  
(b) Defend your answer with examples. 

If you believe no, scientists do not use imagination and creativity,  
 (a) Explain why.  
(b) Defend your answer with examples. 
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Appendix B: Individual change in NOS views among Interviewed Participants 

 

 Interviewed participants 

Question/Code 25-15 28-2 29-1 30-5 33-6 36-3 

1A What is a theory? 

1. Theory is answer/explanation 

2. Theory is merely an initial idea/belief/educated guess 

3. Theory is an unproven idea/belief 

4. Theory is a proven idea 

 

 

2->2 

 

1->1 

 

1->1 

 

 

2->2 

 

1 

 

3-> 

 

 

2 

3-> 

1B How are theories created? 

1. The creation of a theory involves background research, using previously known knowledge to predict or 

explain something 

2. Theories are created as a result of someone making a prediction or guess (on basis of previous 

observations) 

3. Theories come from questions 

4. Theories come from observations 

5. Theories are the result of tests/experiments 

6. Unclear/nonsensical 

 

 

 

2->2 

 

1->1 

 

 

 

2 

 

 

 

5-> 

 

1->1 

 

1->1 

 

1->1 

1C. Give an example of when you have created or used a theory. 

1. Everyday example, not scientific 

2. Scientific examples 

3. Plant Investigation 

4. Example of other person(s) 

5. No answer 

 

 

 

3->3 

 

 

2->2 

 

1->1 

 

 

2->2 

 

1->1 

 

1 

2-> 

2Ai. If you believe scientific theories do change, explain why. 

1. Theories change as a result of new information/evidence 

2. Theories change as a result of the theory (or part) being proven or disproven 

3. Theories change as a result of technology 

4. Theories change as a result of being replaced by better theories/reinterpretation of evidence 

5. Theories change because we can’t be certain 

6. No, theories don’t change 

7. Nonsense 

 

1 

 

3->3 

 

1 

2->2 

 

 

1 

 

 

 

5 

 

7-> 

 

1 

2 

3 

 

5 

6-> 

 

1-> 

 

 

4 

 

1->1 

2->2 

 

4 
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Appendix B (con’t) Interviewed participants 

Question/Code 25-15 28-2 29-1 30-5 33-6 36-3 

2Aii. Defend your answer with examples. 

1. Valid/reflective MP example 

2. MP but too vague 

3. Valid & Reflective 

4. Valid, no reflection 

5. Invalid 

 

 

 

3 

4-> 

 

 

 

3->3 

 

 

2 

 

 

5-> 

 

 

 

 

4 

5-> 

 

 

 

 

4->4 

 

 

 

3 

4-> 

3. What is an experiment? 

1. Experiments are tests of hypotheses 

2. Experiments are tests of theories 

3. Experiments are tests (unspecified) 

4. Experiments are ways of finding out information 

5. Theories are the result of experiments 

6. Nonsense 

 

 

2->2 

 

 

 

 

3->3 

4->4 

 

 

2-> 

 

4 

 

1 

2->2 

 

 

1-> 

2 

 

 

2->2 

 

4 

 

4. Does the development of scientific knowledge require experiments? 

1. No, in some disciplines it isn’t possible 

2. No, it is possible to stumble on evidence 

3. Yes, to understand well 

4. Yes, in order to test/have proof 

 

1 

 

 

4-> 

 

 

 

3->3 

 

1 

 

 

4-> 

 

 

2 

 

4-> 

 

 

 

 

4->4 

 

 

2 

 

4-> 

4i. Defend your answer with an example 

1. Example of dev. of sci. knowledge without experiments (geological processes) 

2. Example in favor of necessity of experiments that is not an experiment 

3. Example of trial and error from everyday life 

4. Example of experiment  

5. None given 

 

1 

 

 

4-> 

 

 

 

3-> 

4 

 

1 

 

 

 

5-> 

 

 

2-> 

 

 

5 

 

 

2-> 

 

 

5 

 

 

 

3->3 

5. Different conclusions 

1. Scientists can interpret data differently 

2. Insufficient evidence 

3. One might be the cause of the other 

4. Denies same data 

 

 

2->2 

3->3 

 

1 

2->2 

 

1-> 

 

 

4 

 

1->1 

 

1->1 

 

1-> 

2 
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Appendix B (con’t) Interviewed participants 

Question/Code 25-15 28-2 29-1 30-5 33-6 36-3 

6. Do scientific investigations involve creativity and imagination? 

1. C&I involved in all stages 

2. C&I involved in all but data collection 

3. C&I involved in planning & design only 

4. C& I involved, after data collection (only?) 

5. C& I involved, no indication when 

6. C&I = fabricating evidence 

 

 

 

3->3 

 

 

 

 

 

 

6->6 

 

 

 

3-> 

 

5 

 

 

2 

 

 

 

6-> 

 

1 

 

 

 

5-> 

 

 

 

 

 

 

6->6 

6i. Example 

1. Valid/reflective MP example 

2. MP but too vague 

3. Valid & Reflective 

4. Valid, no reflection 

5. Nonsense/None given 

 

 

 

3->3 

 

 

 

3-> 

 

5 

 

 

 

3-> 

 

5 

 

 

 

3 

 

5-> 

 

 

 

 

 

5->5 

 

 

 

3-> 

 

5 

 

 

 


