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This research examined students’ understanding of the nature of science including: a) their views of the degree of uncertainty that exists in scientific knowledge claims, b) the reasons scientists disagree about complex science issues, and c) the ways to make decisions about these complex issues. Twenty-seven first-semester college students were interviewed at the beginning of the fall semester and again at the beginning of the spring semester. Twelve of these students were enrolled in inquiry-based courses at Hampshire College and 15 students were enrolled in more traditional lecture and lab courses at another institution (called “Women’s College” herein). Involvement in inquiry (which included asking open-ended questions, designing laboratory, field, and library research, reading primary literature, and justifying their decisions about open-ended questions) had a strong effect on students’ understanding of the nature of scientific knowledge and the reasons for disagreement in science.  What’s more, students who engaged in inquiry had more sophisticated methods of making decisions about complex problems in science. 
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Introduction

Understanding the sources of uncertainty and reasons for disagreement in complex scientific issues is associated with the ability to evaluate the claims and make defensible decisions [1].  Most students leave college with less mature, knowledge-unproblematic epistemologies whereby they are not comfortable with uncertainty and do not know how to evaluate evidence [2] [3] [4].  It is important for individuals, whether they continue in science or not, to be able to make sound decision-judgments about science problems for which no simple, correct answer is known.  Individuals encounter such questions in public policy (such as those problems surrounding the environment, medical ethics, and health care policy) and in personal nutrition and health, as well as in scientific endeavors. Engaging in scientific inquiry (asking questions, formulating hypotheses, designing experiments, collecting data, analyzing data, and drawing appropriate conclusions, as well as doing background reading in the scientific literature) may very well help colleges educate students who can deal with uncertainty and make informed judgments.

There are a number of qualities of science that one learns by doing science but not by reading typical science textbooks.  Foremost, one learns that science is a messier endeavor than presented in a summary of well-supported facts and scientists often engage in iterative cycles of design, data collection, and analysis.  Scientists do not simply follow the steps of the scientific method in a lock-step fashion.  What’s more, individuals engaged in authentic inquiry can learn that experimental design involves some art.  A scientist must often change the protocol to make an experiment run well.  This tinkering is not to be confused with some students’ naïve ideas that scientists manipulate experiments to prove whatever they want.  As students are engaged in the process themselves, they see that the choices they make about what data to collect and how to collect it affect their results and the degree to which they can generalize beyond the study.  

Students can see that the very nature of scientific observations is a source of uncertainty in scientific knowledge.  Rather than believing that uncertainty derives only from error, they can begin to understand that their conclusions are extrapolations from their observations.  As such, they are subject to imprecision, error, and doubt even if the observations were done most carefully and systematically.  

When students read the primary literature in addition to carrying out their own experiments, they realize that other scientists’ work is subject to the same limitations as their own.  They can learn that disagreement among scientists is inevitable.  These scientists disagree, not because they are biased or make mistakes, but because they made different design choices and may actually be answering slightly different questions.  By examining a number of primary articles about the same topic, students can get practice in weighing evidence, critically evaluating scientific work, considering alternative explanations and theories, and making sense of the complexity that is at the core of science. 

The purpose of this paper is to examine the effects of engagement in inquiry on students’ epistemologies in science with regards to: a) their understanding of the sources of uncertainty and disagreement in science and b) their methods of justifying decisions about complex scientific issues. Students with sophisticated approaches to making scientific judgments and who are comfortable with disagreement and uncertainty in science have more mature epistemologies in science.  

Background of the Study

This study grew out of an evaluation of a first year program in the School of Natural Science at Hampshire College.  Hampshire’s introductory courses are small, inquiry-based courses designed to support students in making gains on the following five goals:

1. Students ask and answer their own open-ended, authentic questions through engagement in inquiry, articulating their basis for decisions and producing work over which they feel ownership.

2. Students gain a clearer understanding of the scientific method by participating in the design and implementation of a research project.

3. Students see their projects in broader political, social, economic, and ecological contexts.

4. Students reach a level of increased understanding of why and how quantitative analyses play key roles in scientific investigations; learn quantitative skills in context.

5. Students develop oral and written communication skills in regards to the use and evaluation of primary literature and other sources, and in regards to their own writing and speech in science; learn communication skills in context.

The courses are focused on narrow areas of research.  The intent is for students to understand the scientific mode of inquiry rather than to gain breadth of knowledge, as is often the goal in more traditional survey courses.  Some Hampshire Natural Science courses engage students in laboratory investigations, others in field research, and still others in answering a question through critical review of the primary literature.  

In beginning my examination of the program, I was struck by the open-ended nature of the questions that students addressed in these courses.  I imagined the challenges to students being: a) changing their view of what a science course is, b) adjusting their view of their roles as students, c) gaining skill at reading primary literature, d) working with real data sets, etc. – all the things many of us confronted for the first time as graduate students in the sciences.  It seemed plausible to describe the program’s impact by looking at changes in students’ epistemology of science.

Review of the Literature: Epistemology and Justification
There is evidence that having a more mature epistemology in science contributes to better learning of science content [5] [6] [7].  What’s more, more mature epistemologies in science are associated both with understanding how to evaluate competing evidence in science and understanding that the existence of uncertainty in science does not undermine science’s usefulness in decision making in light of controversies [1].  Despite the importance of developing mature scientific epistemologies, studies of college students repeatedly demonstrate that college students enter (and often leave) college with fact-based views of knowledge and authority-based means of making decisions [2] [3] [4]. 

Baxter Magolda’s 1992 report [2] on a five-year longitudinal study of over 100 students in a large Mid-western state university paints a picture of the slow rate of change in college students’ epistemologies.  Her data indicated that most incoming freshman were absolute knowers (characterized by dualism).  This stance decreased over the four years of college and was no longer seen in individuals in the year after college.  On the other end of the spectrum, however, contextual knowing (the stance characterized by the belief that knowledge is created in a particular context and must be judged by the strength of evidence) increased slowly.  Only 2 percent of college seniors and twelve percent of the study population after the fifth year (first year in graduate school or on the job) exhibited this level of sophistication in their thinking [2].  

The work of researchers using King and Kitchener’s Reflective Judgment Interview shows a somewhat lower incidence of dualistic thinking for college freshmen [3].  These students believed that there were some questions for which there is currently no known answer.  When faced with a truly problematic situation, however, they were confused about how to make a decision about it.  These studies still report few students using evidence according to the rules of inquiry for a given discipline at the end of college.  

Together, such studies have created a norm of expectations of epistemological development for college-aged individuals.  One must question what is age-related and what is an artifact of instruction in these institutions.  In studies of reflective judgment reported by King and Kitchener [3] individuals who continue in advanced studies make greater epistemological gains than those who do not.  What kinds of experiences support the development of epistemological sophistication?  What is happening in that first year after college (the fifth year) for Baxter Magolda’s students?  One idea is that in this fifth year many individuals begin to grapple with ill-structured questions.  That is, they are asked to make decisions about problematic issues, are faced with more complex evidence and methodological issues, and are asked to substantiate their claims in graduate school and on the job.


For example, many undergraduates do not read primary literature (or are asked to do so only in the most perfunctory of ways).  Yet, there are certain skills associated with the use of primary literature.  Some of these are more commonly addressed in college science curricula such as learning to locate primary articles and knowing how scientific papers are structured.  Other skills may be more closely associated with graduate school or with inquiry curricula, such as identifying the limitations of a piece of research, and understanding the ways that scientists extend their discussions to speculate about the implications of their work [8].  One might expect immersion in scientific discourse through the reading and critical evaluation of primary literature to have a greater impact on students’ epistemic assumptions than would practice in understanding the structure of scientific papers. 

This research evaluates students’ epistemologies in science.  It does so using a scheme that combines the general, discipline-independent developmental stage theories of Perry [9], Baxter Magolda [2], and King and Kitchener [3] with the science epistemology scheme of Carey and Smith [10] [11].  The scheme is shown in Table 1.

Table 1.  Developmental Levels – Epistemology and Justification

Domain
1
2 
3
4
5
6

Certainty
Knowledge is certain. Authorities have the right answers.


Knowledge is certain, but not always immediately available. 


Some things are known for certain; some we don’t know the answer to yet (but we will).


Knowledge is uncertain; everyone has own beliefs. (although some answers may be more logical).
Knowledge is uncertain - some ideas are better supported by evidence. 

 
Knowledge is known within a particular context and is constrained by the theoretical perspective of the knower.

Justification
Decide based on what authorities tell you.
Decide based on what authority tells you.
When things are certain, decide based on what authorities tell you.  When not certain, decide based on what “feels right.” 
Decide based on idiosyncratic use of evidence (often selecting what backs up previously held beliefs) or using surface features (more common, more recent).
Decide based on evidence. 
Decide based on evidence, using rules of inquiry for the discipline. Credibility of sources must be weighed in that context

Reason for Disagreement
Disagreement not recognized
Disagreement is due to some authorities’ knowing better than others.
Disagreement is due to differences in opinion.
Disagreement due to differences in experimental results. Variables are lost data, incorrect reporting of data, different access to information.
Disagreement is due to differences in experiments –variables are different.
Disagreement due to differences in variables that are defined by the scientist’s theories. Variables may be different from what scientist defines.

Laura Wenk – Hampshire College, 2002.  Adapted from Perry [9], Baxter Magolda [2], King and Kitchener [3], and Carey and Smith [10] [11]

The general direction of change is from knowledge-unproblematic to knowledge-problematic epistemology.  This change entails increased comfort with uncertainty in knowledge claims, increased skill in the use of evidence in justifying decisions, and increased understanding of the role of experimental design and one’s theoretical framework in constraining knowledge claims (and affecting scientists’ agreement).

Methods

The research for this study was performed at two liberal arts colleges in the northeastern U. S.  The colleges have similar missions of preparing students to think for themselves and to understand their own capabilities and responsibilities for action in relevant careers.  They both foster close faculty and student collaboration.

“Women’s College” is an older institution with a strong sense of history and accomplishments for women.  It enrolls approximately 2000 students about 17% of whom are African American, Asian American, Latina, and Native American; 10% are international students.  Women’s College has a 10:1 student-to-faculty ratio.  Nearly 60% of the graduates of Women’s College go on to graduate programs within 5 years of graduating.  The introductory science courses at Women’s College have an average of 75 students per lecture section.  Weekly labs are in smaller groups of no more than 12 students per lab.  The courses are science survey courses where students use textbooks and have structured labs.  Some students do use primary literature in short-term assignments associated with the courses, although they do not receive instruction in the course on the use of primary research articles.

Hampshire College is 30 years old and prides itself in allowing students to tailor their programs of study to allow for inquiry into topics of individual importance.  It enrolls approximately 1200 students, 12% of whom are students of color.  Four percent are international students.  The college has a student-to-faculty ratio of about 12:1.  About 56% of the alumnae of Hampshire College complete graduate degrees.  The introductory science courses at Hampshire College have approximately 10 – 16 students each.  They are inquiry-based courses that engage students in laboratory, field, or library research on specific topics.  Students in almost all courses read primary literature over the course of the semester and use it to support their arguments in a final paper for the course. 

This research was conducted in 7 introductory science courses at the 2 colleges (4 at Hampshire College and 3 at Women’s College).  At both colleges, students involved in this study were first-year, non-transfer students in their first semester of introductory science courses.  Students were chosen randomly at Women’s College.  At Hampshire College, they were chosen randomly from lists of male and female students so as to obtain the greatest gender balance possible.  15 students at Women’s College and 12 students at Hampshire College were interviewed at the start of the Fall 1998 semester and again at the start of the Spring 1999 semester. 

The researcher assessed students’ epistemological position by coding their answers on interview questions designed to probe students’ views of the nature of scientific knowledge, their understanding of disagreement and their methods of making decisions about complex issues in science using the developmental levels abbreviated in Table 1.  For example, a student response that some things in science are known with certainty and other things are unknown for now (but will soon be discovered) was given a score of 3.  All quotes for the same student were scored and averaged to obtain one score for the student.  Average scores for students were compared pre- and post-semester by two-tailed t-tests to determine significance of difference.

Results

Results from pre-post interviews on epistemology and justification are reported, followed by descriptions of the ways that faculty in the two institutions engaged students with the primary literature.

Students at the Start of the Courses

At the start of the fall term, students in both institutions displayed roughly the same range of epistemological stances as determined by the interviews.  There were no students who believed there are facts in science that are known with certainty.  All had a sense that ideas can change with time and with the discovery of new information.  The average score from interview coding for epistemology and justification at Women’s College was 3.81; the average score at Hampshire College was 3.96.  A two-tailed t-test showed no difference between these populations with regard to epistemology and justification (p=0.43 n=15 at Women’s College, n=12 at Hampshire College).  See Table 2.

Table 2. Average Pre-Semester Epistemology and Justification Scores by College 


Pre-semester Average

Women’s College
3.8

Hampshire College
4.0

p from t-test on differences between colleges
p=0.43

In terms of uncertainty in scientific knowledge, students felt that there were things scientists had pretty much worked out (how cells work, why gravity works) and other things that were still in doubt (like the cure for AIDS or cancer).  This is a view consistent with level 3.  On the whole students at Hampshire College seemed more comfortable with the idea of there being scientific uncertainty and a few were skeptical of scientific experts.   This was true for a few non-science majors at Women’s College, as well.  

In the first interview, most students said that they decided what to believe by asking someone who had more background in science (level 2 or 3) or by selecting the answer that was more logical (level 4).  They also said they would more likely believe an opinion that was held by more people or that fit in better with what they already believed (level 4). 

The most commonly cited reason for disagreement was that scientists’ philosophical perspectives, beliefs, or motivations affected their results – also a level 3 belief.  Some students held level 4 beliefs that disagreement was due to differences in experimental results.  In a few cases, students demonstrated a level 5 belief there were differences in the experiments used.  These students rarely gave specific examples of how the experiments might differ.

Not surprisingly, students’ understanding of the nature of scientific uncertainty or disagreement and the ways that scientists resolve these disputes were affected by direct experience with scientific disagreement and with being asked to make their own decision-justifications.  Students had at least some opportunity for such experience in all courses, but there were differences in effectiveness.  Two-tailed t-tests performed on students’ epistemology and justification scores after one semester of introductory science show significant differences between students at Hampshire College and Women’s College with students at Hampshire College making much greater gains in epistemology and justification (p=0.0028 n=15 Women’s College, 12 at Hampshire College).  See Table 3.  

Students after One Semester

Although not all science courses at the two institutions were inquiry-based, there were certain learning opportunities in all the courses that could affect students’ epistemologies in science.  In the interviews, students were asked questions specifically about how certain we can be about scientific knowledge, about reasons scientists disagree, and about the ways they would make decisions in science. 

The courses where students showed the greatest change in epistemology and justification were Hampshire College’s project-based courses.  In these courses, students performed authentic field or laboratory research and/or read primary literature in a systematic way.  T-tests performed on students’ epistemology and justification scores showed significant difference between these students’ pre-semester and post-semester averages (p=0.00035 n=12).  See Table 3.

Though not project-based courses, some students did have the opportunity to read some primary literature and design smaller lab experiments at Women’s College.  Some students made similar gains to those at Hampshire College showing differences in epistemology and justification scores of 0.3 to 0.5.  These differences, however, were not so common at Women’s College as at Hampshire College.  T-tests done on average pre-post semester epistemology and justification scores for all students at Women’s College show no significant change (p=0.17 n=15).  See Table 3.  What follows is a look at each of the programs in turn.

Table 3. Average Pre-Post Epistemology and Justification Scores by College from Interviews


Pre-semester Average
Post-semester Average
p from paired t-test

Women’s College
3.8
3.9
0.17

Hampshire College
4.0
4.4
0.00035**

p from t-test on differences between colleges
p=0.43
p=0.0028**


   ** indicates significant difference at the .01% level

Hampshire College Students: Primary Literature

Reading primary research articles constituted a new way of looking at science and at the goals of science courses.  One student in comparing previous experiences in science courses to the project-based course at Hampshire College said:

Reading primary literature was different - actually reading how they went about doing it. The way I was learning about it before was that they laid out the answer.  They didn’t really lay out the process that got to [it].

In project-based courses students gained insight into the reasons scientists disagree and how to evaluate the strengths of arguments in justifying their decisions.  The following quotes come from a student who, at the beginning of the semester, was surprised that scientists disagree and who did not understand how they could disagree. After reading a good deal of primary literature, this student was not only comfortable with the uncertainty that comes with scientific disagreement, but understood how variables such as subjects’ diet, size, exercise level, and geographical location affect test results.  The student demonstrated a number of level 5 ideas.  He said:

I wouldn’t say right and wrong - it’s more like this study did it differently and maybe they went about it differently and maybe they were trying to find out something different.

As an example of differences between studies he said:

Weight loss programs say something like lose up to 10 pounds in one week if you just drink our shake.  If you really go back and look at the study, it says something like if you’re a bulimic person in a prison who doesn’t actually get to eat anything and drinks this shake… 

And:

Some things that I learned about the studies are that the size of test groups and the makeup of testing groups [can affect results].  If the test is on a person versus animals, or if you take people from one state and one town and try to relate it to the entire country it doesn’t really work out - because it’s not all the same and so you need to take a really broad range and do the test over and over and over to get consistent results

Students not only understood why scientists disagreed, but they also had somewhat sophisticated ways of evaluating primary research.  For example, this student learned to look at sample size in evaluating a piece of research (a level 5 idea):

If it’s a valid hypothesis then I could see at that stage one would be as valid as the other, but as they do more work in trying to support it and developed their hypothesis - I think that’s when you start leaning towards one side or the other depending on - because if they only use 10 subjects then their results are probably a lot less reliable than someone who used 50 subjects… and I’d be much more inclined to go with the study that used 50 people.

Still another student looked at the use of primary research and the background of the author in deciding what to believe.  The ability to assess the credibility of a source using by evaluating their work is a level 6 idea.  This student understood the usefulness of doing just that:

[I would be less likely to believe it if] it’s not based on primary research or if it is [based on] very specific biased primary research.  And that’s one way that you can tell, by looking at the person who wrote it, what their background is and if they actually have any experience…

These Hampshire College students’ made big strides in their epistemological maturity from reading primary literature.

Hampshire College students: Laboratory or Field Research

Students in these courses had the opportunity to see how experimental protocol choices affected their findings.  One student who had participated in a field research project in class probably had an exaggerated view of the effects, but nonetheless, the following quote shows how powerfully involvement in authentic research teaches students that the details of a research procedure limit the validity of the results:

And there are other ways [that the findings can be affected]… the data can be read differently.  When we were testing [a town’s] water, if we turned on the water right away and we took a water sample and then read it, the chemicals in there were enough to kill somebody after a couple of years but then if we let it run for five minutes we just had chemicals that were a little bit higher than they should have been, so right there is just an example of how things can change.

The understanding that experimental design choices affect the results of an experiment go a long way to counter the less sophisticated idea that scientists disagree because they make simple errors or are biased.

Women’s College Students: Primary Literature

Students in “Non-Majors’ Biology” were asked to critique the work of the author of a popular science book using other sources.  They also had to make small-group presentations on a current application of biology in their lives. Students in “Majors’ Biology” read a survey paper on the evolution of squid by Andrew Packard [12] and were asked to bring Packard’s ideas up to date with regard to one issue of their choice.  They also designed and carried out a laboratory experiment on squid muscle mechanics.  Students felt these assignments were important learning experiences.  In some cases, students showed changes in their thinking that were similar to those seen in the project-based courses at Hampshire College.  Perhaps because these assignments were only a small part of otherwise demanding courses and were not generally discussed in class or presented on tests, students did not, universally, deem them important.  What is more, many of the students interviewed did not take the time to actually read primary literature.  Of those who did, many did not learn the same kinds of strategies in class for evaluating the literature.  

Some students did begin to understand disagreement in science, but they did not have the tools to decide which were the stronger arguments.  For example, in doing the Packard paper, this student gained a first-hand appreciation of the uncertainty in science knowledge.  She said:

I think ‘right’ is a very subjective word.  I think there’s been a lot of changed opinions over time - especially just from having done the Packard paper…You read what Mr. Packard said, and then you go and read something else and they’re refuting what he’s saying and saying ‘no actually that’s not the way it was.’  Or there’s someone else that agrees with him.  Over the course of 10 years you’ll have five different scientists’ ideas of how their thoughts have interchanged.  Whoever was the foremost leader in something at one point is no longer considered such a good reputation in that area.

Yet, the student did not make the same gains that her counterparts at Hampshire College made in identifying the stronger argument.  She chose based on surface features of the sources (i.e. date of publication), which is coded at level 4:

A lot of it is time frame, well this guy did it in ‘87 and this guy did the experiment in ‘95 so his is more current or up to date, but it’s just looking at a lot of different ideas on the same topic and then finding what makes the most sense to you.

Nonetheless, the experience of research for the Packard paper was the one most cited by students as important in helping them see that scientists disagree and that you had to look at the credibility of your sources and at the background information they present.  One student described how the professors impressed them with these ideas:

…Then my professors always say ‘Well, you can check the book or you can go check this if you’re not sure and go to the library.’ When we had to do the research its like ‘Check a whole bunch of articles and make sure your sources are good.’ That was constantly honed into us - and the idea that there’s more than one opinion.

The assignment that brought this student to the library was one asking students to read a non-fiction book written for lay people, but dealing with a scientific issue, then taking issue with an idea in the book by using current literature.  The assignment did not require students to use primary literature and there was no instruction on how to read primary literature.  This Non-Majors’ Biology student found sources on the web.  She did learn important lessons from discovering discrepancies in scientific sources for herself, but was left feeling vulnerable in the face of such disagreement.  This is a student who is likely to end her science career at this juncture.  She said:

On the web, that made me realize you really do have to discriminate - I don’t know how to do it yet because it’s hard to - you have so much access to just put any type of information out there on the Internet.  It leaves you so vulnerable to get your hands on things that are completely wrong.  So I don’t know how to discriminate yet.  Facts - like statistics - don’t even match.  Where are these people getting these things? And it makes you think - if there are two people talking about the same exact thing and they’re using totally different statistics then you know that something’s wrong.

She began to understand that differences in the experiment affect the results (a level 5 idea when really understood), but did not quite have a strong enough sense of just what these differences might be to evaluate the literature independently:

I would go ask [my professor] and say ‘You know, I’m getting this and then I’m getting this -what’s up with that?’ And then he would tell me ‘Well you know, it’s just different sources they go to or it might be that under different circumstances, different variables - not variables, different - what is it called - controls just different circumstances.’

Although these experiences in Majors’ Biology did not bring students the same distance in their thinking as those at Hampshire College, they are important to students’ thinking.  As one student described her experience with the Packard paper: 

I really expected that there was one right answer and - especially if there was someone so well renown like Packard, being the foremost expert on eyes of squid - that you wouldn’t think that someone would be refuting him five years later …That was - I don’t think disheartening is the right word.  It wasn’t wildly emotional or anything but it was just sort of eye opening.

These shorter assignments that brought students in contact with the scientific literature gave students some personal experiences that showed them that experts do not know all facts with certainty.  The students, however, did not gain the same understanding of the limitations on knowing imposed by experimental design as did the Hampshire College students who were engaged in scientific inquiry using primary literature.

Women’s College Students: Laboratory or Field Research

Some students in Majors’ Biology cited their laboratory work as affecting their understanding of the nature of scientific knowledge.  This student was struck by a laboratory experiment on biomechanics performed on squid tissue.  The experience helped her see that variability in organisms can affect experimental results.  She said:

…biology, it’s not as - the other sciences they’re are a little more concrete, like physics and chemistry. You work with chemicals and they usually end up the way they’re supposed to and you know how they’re going to, but biological organisms don’t behave in the same way and that’s why it’s a little bit harder to do, because they don’t all act the same.  They’re slippery and they stretch too much in one place and they don’t all stretch equally and so your calculations are a bit flawed and you have to take that into account - there are lots of little things to take in account.

This student saw that differences in organisms affected her experimental results.  Perhaps because of the small amount of time spent on the experiment, she still saw the problem as error and as being peculiar to biological organisms, as opposed to being characteristic of data collection.

Discussion

Students in Hampshire College’s project-based courses made gains of approximately half a level, from 4.0 to 4.4.  This is a significant difference in thinking from the beginning of the fall semester to the beginning of the spring semester.  There was no significant change in Women’s College students’ epistemology and methods of justifying decisions.  Their average pre-semester was 3.8 (not statistically different from Hampshire College students’ pre-score) and post-semester was 3.9 (which is significantly lower than Hampshire College post-semester scores).  

Research such as Baxter Magolda’s longitudinal study of college students point to very small, if any, change in students’ epistemology after one year in college [2].  Other work, such as King and Kitchener’s [3] lead to expected changes of about one half level after one year in college.  In light of these findings, Hampshire College students’ gains of one half level in one semester are quite significant.  Hampshire students were engaged in some learning activities that are uncommon in first-year courses.  These courses required that students read primary literature in a systematic way and/or perform real experiments.  Both types of learning opportunities allow students to examine the ways that experimental design affects experimental results and to weigh evidence in drawing conclusions.  Students were asked to justify their own thinking, if only to point out the strengths and weaknesses of the conflicting arguments.  

At Women’s College, courses that asked students to make arguments using primary literature did so in shorter assignments that were not so important to student grades as were content-based tests.   Students were able to finish these assignments without weighing evidence or coming across conflicting results.  As a result of these more open-ended assignments, Women’s College students did begin to understand that there is disagreement in science, but they did not gain the tools to decide which were the stronger arguments.  Students in these courses saw their job as learning content.  Statements in the interviews showed that Women’s College students believed they were learning facts that were worked out with a high degree of certainty.  

Although Women’s College faculty modeled the decision-making process for students, Hampshire College students’ active engagement in making such judgments themselves had a greater effect on student learning in this domain. By having personal experiences with deciphering primary literature or with analyzing “messy” sets of real data collected in known contexts, students got firsthand experience seeing the ways that evidence collected in experiments was of limited generalizability – they understood that scientists disagreed because their experiments were designed to test different variables.  

In this paper, I argued that the use of primary literature and engagement in authentic laboratory or field research in introductory science courses is important for helping students understand the true nature of scientific knowledge and for making informed decisions about complex scientific issues.  Assignments must be taken seriously in terms time spent teaching inquiry skills and assessing student work.  
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