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Abstract: Incorporating accurate and explicit nature of science instruction throughout the school year is important for overcoming long engrained student misconceptions regarding what science is and how it works. One common misconception is the view that experiments are the sole route to trustworthy scientific knowledge. This and other misconceptions may interfere in the learning of science content. For instance, Rudolph and Stewart (1998) and Rudolph (2007) explain how misunderstandings regarding how science research is done partly accounts for the widespread doubt regarding scientific ideas such as biological evolution, global warming and age of the Earth. This paper argues that science education curriculum materials and teaching practices promote the mistaken idea that controlled experiments are the sole route to valid science knowledge. Reference is made to a classroom tested activity (Herman, 2008) that describes how cell biology may be taught in a manner faithfully reflecting how that knowledge was developed and accepted. This activity is then used to emphasize the crucial role of teacher questions in conveying to students methodological pluralism and other important NOS ideas.
Nature of Science, Methodological Pluralism, and the Current State of Education
Without a clear understanding of the nature of science, students may not understand scientific concepts as well (Clough et al., 2008; Matthews, 1994). This is especially the case with abstract concepts based on many science methodologies such as evolution, taxonomy, cell biology, and climate change. Exacerbating this problem, students tend to place far more confidence in experimental science and develop and hold ideas that are based and guided exclusively by what they think the data is telling them rather than interpreting data through a theoretical framework. Much of this problem can be attributed to students perceiving data as inherently pristine and without errors, thus resulting in students equating data interpretation simply as a description of the data, or a description of the relationship between two variables (Driver et. al, 1996; Ryder and Leach, 2000). Because students fail to utilize theoretical models in interpreting data and instead blindly follow what they perceive the data “says”, if there are conflicts and/or discrepancies in the data and its interpretations, students tend to perceive the science behind it as incompetent or biased rather than a necessary wrestling with the difficulties in interpreting the natural world to get closer to natural world truths (Ryder and Leach, 2000). These views of science are greatly influenced by students’ experiences which can lead to misconceptions as they draw experiences of science from varied sources such as television, printed media, and the various science content courses they complete (Ryder and Leach 2000). 

Specifically, many traditional science courses do not spend much time devoted to consciously and accurately teaching the nature of science, the validity of the many methodologies that are present in science, and the variety of ways knowledge is developed (Clough, 2003). If the nature of science is explicitly taught, many times it is during an introductory unit and the message is that good science is derived from controlled experiments, whereas invalid science is characterized by a lack of complete control and manipulation by the investigator. These messages are further reinforced throughout the year in traditional classrooms where cookbook labs and factual memorization that implicitly and explicitly portray good science as completely definitive, pristine, without error, and proven. In summary, traditional instruction reflects messages of inductive empiricism held by many science educators where conceptual knowledge readily results from employing science processes, beginning with observations and resulting from controlled experimentation. (Finley, 2006). 
This approach to science teaching causes teachers to run into problems as students may not perceive science ideas such as cell biology, evolution, taxonomy, and climate change as being valid. This is because major components of these science ideas are partly accounted for by methodologies, such as observational and historical science, that cannot be tested and are not identified as highly controlled by the experimenter. In addition, students many times perceive these methodologies do not have a clear cut sequence that is successful in revealing knowledge independently from an unbiased investigator-something that they believe is true with controlled experiments (Finley, 2006; Klapper, 1992; Rudolph, 2007; Rudolph and Stewart, 1998). This lack of attributing validity to the many methodologies in science by students, in addition to other misconceptions in regards to the nature of science, also contributes to the "it’s just a theory" scenario seen so many times with scientific ideas such as evolution (McComas 2004; Narguizian, 2004). This is a problem because this perception of reduced validity can result in students not understanding the science content associated with these ideas (Clough and Olson, 2004; Clough et. al, 2008; Lederman and Abd-El-Khalick, 1998). Unfortunately, these same students will leave the classroom and carry their misconceptions with them into the general public. According to Rudolph and Stewart (1998):

“For students to appreciate the import and essence of Darwin’s work, a reconceptualization of our view of science within the science education community is necessary. Such a view must include a recognition of both the heterogeneous nature of disciplinary practice as well as the importance of non-empirical factors in scientific advancement.” (Rudolph and Stewart 1998, p. 1075)

Rudolph and Stewart’s (1998) statements are also supported by Klapper (1995) and McComas (2004) who claimed that understanding these phenomena requires understanding the validity of scientific methodologies outside of those that are experimental, to include those that are historical and observational. Because of the aforementioned misconceptions students hold in relation to the various methodologies in science and the need for students to understand these methodologies as valid ways of developing an understanding of natural phenomena, there is justification for an accurate portrayal of the nature of science and methodological pluralism in the classroom. 

Using Classroom Activities to Promote the Nature of Science and Methodological Pluralism
As stated before, much of the knowledge pertaining to cell biology was developed through observational and historical methodologies. These methodologies were especially prevalent during early cell biology through the investigations of Hooke, Schwann, Grew, Schleiden, etc. Unfortunately, many biology teachers fail to accurately and explicitly address the nature of science and methodological pluralism in classroom activities pertaining to cell biology, and instead, choose to take traditional routes previously described. Traditional activities that introduce cell biology usually have students observe previously fixed slides, many of which contain a specimen label. In addition, students are often required to follow a step by step procedure and draw, label, and explain what they are observing, perhaps with the aid of a standard, lab guide, or textbook that provides the sought after answers. Using these kinds of experiences to teach that science requires creativity, problem solving, critical thinking and draws from many methodologies is obviously problematic as they can cause students to wrongly think that the original knowledge came about from controlled experimental work. In addition, one could argue that the messages conveyed by these types of experiences disgraces the efforts of early cell biologists by marginalizing the arduous processes they had to endure while attempting to account for the natural world.
Because of the need for activities that promote an understanding of the history and nature of science, I developed an activity to introduce cell biology that draws students’ attention to issues including methodological pluralism, the role of collaboration in science, and how historical accounts and prior knowledge affects how we develop an understanding of the natural world (Herman, 2008). This activity, which can be found at: http://ists.pls.uni.edu/istj/issues/35/2_spring_08/less.pdf is centered on a question set containing only six primary questions (Figure 1.). 
Upon initial glance traditional teachers may balk at how unstructured this activity is. In addition, the lack of structure is often daunting for students and this discomfort accounts for the often initial negative reaction of teachers and students toward the activity. Although this is the case, unstructured activities are essential for students to understand the methodologically pluralistic way science works in the context so eloquently described by Percy Bridgeman (1950) when he stated “the scientific method, insofar as it is a method, is nothing more than doing one's damnedest with one's mind, no holds barred”. Scientists tend to use whatever methods and approaches that will shed insight onto a research problem.
During this activity the teacher plays a crucial role supporting students through their struggles and helping them understand that scientists must deal with ambiguity and use methodologies they deem appropriate for the phenomena at hand. This support is provided through how teachers interact with students during this activity. For instance, in the activity available at the above URL I explicitly outlined sample dialogue with overt questions that teachers can ask that will draw students to an understanding of methodological pluralism, the role of prior knowledge in science, collaboration in developing science ideas and other important nature of science ideas. The following dialogue illustrates the teacher’s role in helping students understand how evidence from comparative observational methodologies are valid for making conclusions in science:   
Student: We are going off an assumption with little evidence that these are from living things, which is a big factor in our determination that these are cells.

Teacher: How can we try and gain some more credibility for our determination?
Student: Well, we can’t go back and actually show these are from living things.
Teacher: Okay, (waiting)

Student: We could maybe take samples from living things and see if there are similarities between our observations of the (prepared) slides and the observations from samples we collected.

Teacher: How would this provide credibility to your research?
Students: If there are enough similarities, we can reasonably conclude that the slides we did not prepare came from living things.

Teacher: How is this situation similar to things scientist research such as the fossil record and evolution?

Student: Scientist couldn’t actually witness evolution happening firsthand in many of the species, so they had to gather evidence after the fact to support its happening. 

Teacher: So, based on our conversation, how is your team going to proceed in your research?

Student: We need to gather samples from living things.
Teacher: Such as?

Student: Well, the plant over there is a living thing, we are living things. We could take samples from the plant and compare the slides that were already made to the plant slide.


Another aspect of this dialogue that should be noted is how students’ are directed to compare their experiences of credible knowledge building with this lab to how scientists developed knowledge about the fossil record and evolution. By attending students to these similarities, teachers are not only helping students understand that science ideas such as evolution are credible, but how they are credible. 

The next step after students complete this lab would be to utilize historical accounts of how early cell scientists developed knowledge utilizing methodologies much like the students did in this activity. Once students became familiar with the works of early cell biologists, teachers should draw students’ attention to how the work of authentic scientists is similar to and different from the work done in class (Clough, 2006) and the non-experimental methods scientists use that are appropriate for the phenomena being studied.  Teachers could do this by posing various questions for students to ponder such as:
· How did the processes you employed to develop an understanding of these cells compare to those of early scientists?

· How did you determine what data was relevant to the classification of these cells and how is that process similar to what scientists do?

· What difficulties did you as a scientific community experience while coming to consensus on how to represent your data as a class?

· Although the knowledge you developed was not through a controlled experiment, why is that knowledge still credible in understanding the natural world?

· Although much of the knowledge developed by early cell biologists was not through controlled experiments, why is that knowledge still credible in understanding the natural world?

· In what ways did the mystery cells activity distort the way science works?

Many times teachers are required to use activities that are highly structured due to pedagogical and/or safety concerns. This should not limit teachers in accurately conveying methodological pluralism and the nature of science. For instance, consider a lab in which students are investigating the behavior of acids through a controlled experiment. It may be required that students have step by step instructions due to the dangerous chemicals being employed. Students could still be presented with historical accounts of how knowledge pertaining to the phenomena was developed and then asked questions that are similar to the ones presented above. By changing the focus of the content of the questions asked of students, teachers can still effectively instruct on the nature of science. For instance:

· How did the processes you employed to develop an understanding of how acid behaves compare to those of early scientists?

· How did you determine what data was relevant to the understanding of how acid behaves and how is that process similar to what scientists do?

· What difficulties did you as a scientific community experience while coming to consensus on how to represent your data as a class?

· In what ways did the acid lab distort the way science works?

· How was the step-by-step procedure you followed in class developed? To what extent did that early work not reflect a rigid step-by-step approach?

· Although the knowledge you developed was through a controlled experiment, what are some other ways that credible knowledge about the natural world could be developed?

· Although scientists may not have used the same methodologies, why was it necessary to employ the controlled procedures we did in this lab?

· How does this lab (and any others you have experienced in this class) illustrate the difference between school science and the way science really works?

Conclusion

Effective science teaching depends not on a prescript recipe, but a research-based decision making framework (Clough et al., 2009), and this applies also to effectively teaching the nature of science. Therefore, this paper and the associated activity available at the above URL cannot address every conceivable issue that may arise in teaching students about cell biology and the nature of science. However, they do provide a rationale and example for secondary and post-secondary teachers to draw from to convey to their students methodological pluralism and other aspects of the nature of science. Teachers must also recognize other aspects of their role that is crucial in accurately conveying the nature of science such as non-verbal behaviors, content selection, and questioning strategies (Clough 1997; 2003). Lastly, teachers must also attend students to distortions of the nature of science when they are present in the classroom.
The general public falls well short in regards to scientific literacy (National Commission on Excellence in Education 1983). This deficiency in scientific literacy is in part due to a lack of understanding of the nature of science by teachers and students which in turn can impact attitudes and future learning about science (Clough 2000). Because of this deficiency, the teaching of methodological pluralism and other aspects of the nature of science in an effective manner is imperative for students to become scientifically literate and understand large scale science ideas such as global warming, evolution, and cell biology (Clough and Olson, 2004; Clough et. al, 2008; Finley, 2006; Klapper, 1992; Lederman and Abd-El-Khalick, 1998 McComas 2004; Narguizian, 2004;Rudolph, 2007; Rudolph and Stewart, 1998). 
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Figure 1. Mystery Slides Lab Handout



Question Set 1.

Select four different slides from each group (Only take two at a time and return them after you have drawn and explained your observations and data). Prepare data representations much like you have for your previous labs to illustrate your observations, display your data, and answer the questions that follow. Make sure to annotate any outstanding features between and within the three groups.

1. What were some visible similarities and differences between the three groups of slides?

2. What were some similarities and differences within the different groups of slides you observed?

3. What do you suppose are the visible building blocks that make up these samples of living things? Provide an explanation behind your reasoning including the supporting observations you used to make this decision. Once you have answered, raise your hand. I will come over to discuss with you your work.

-----------------------------------------------------------------------------------------------------------

Question Set 2.
4. Each group of slides is from a different type of organism. What do you suppose the different types of organisms are for each group? Provide an explanation behind your reasoning including the supporting observations and evidence you used to make this decision.

5. Explain the thought process you used to answer question 4. In what ways did your thought process reflect some of the thought processes that scientists employ? 

6. Compare your labs and conclusions with at least two other lab groups. Describe to each other how you made your observations, recorded your data and how you came to your conclusions.

a. How does your data and conclusions compare with the other groups’ work? 

b. How have your comparisons with other groups affected how you view your own data and conclusions?

c. What might be some reasons for differences and or similarities between your and other groups’ work and conclusions? 

d. In what ways does this illustrate how scientists’ decision making, the knowledge that results, and ultimately accepted scientific knowledge are affected by the sharing of data and results?



