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ABSTRACT
For a teacher, pedagogical assessment can be an important tool to improve teaching methods and teaching materials.  In 2004 and 2005, I assessed change in student understanding of experimental design in ecology during a semester-long inquiry-based laboratory.  Students in my plant ecology laboratory learned about and designed experiments to address four hypotheses about invasive species.  Students were given similar pre- and post- tests in both years.  Student knowledge self assessment questions were added in 2005.  Also in 2005, students analyzed an experimental design on an interim assessment.  In 2004, 4 of the 8 questions showed a significant shift to more correct answers on the post-test.  In 2005, 2 of the 10 questions showed a significant shift to more correct answers.  In both 2004 and 2005, the percent correct answers per student on experimental design questions increased between the pre- and post-test.  The majority of students correctly described 8 of 9 components of an experiment on the interim assessment.  These results suggest that participation in this science inquiry laboratory improves student understanding of experimental design.  Teaching assessment should be an integral part of teaching improvement because, like disciplinary research, it is an objective approach that can focus change on strengths and weaknesses in knowledge or concepts.
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INTRODUCTION

Pedagogy researchers and undergraduate education reformers have set out important directions for change in undergraduate teaching.  Notably, the National Research Council (NRC 1996) emphasized that students should engage in the process of science in addition to learning factual information.  A major recommendation of the NRC convocation for Science Technology Engineering and Mathematics (STEM) education reform was to actively involve students in the “methods and processes of inquiry” in order to promote science literacy (NRC 1996).  The sheer quantity of scientific knowledge and rate of its increase suggest that the goal of undergraduate education cannot be to “download” knowledge of all subjects to students (Simon 1996, Bransford et al. 2000).  Rather, our long term goal as teachers should be for students to learn how to acquire, interpret, and use scientific knowledge (Bransford et al. 2000, Weimer 2002).    


In recent years many publications have identified student-active teaching as a strategy to help students acquire skills in addition to helping students acquire disciplinary knowledge.  Student-active teaching is characterized by activities such as investigation, collaboration, and the collection, analysis and communication of data (McNeal and D’Avanzo 1997).  Such activities create opportunities to practice essential science skills such as observation using standard methods, data manipulation, and description and interpretation in a defined context.  These teaching strategies provide opportunities for students to develop science literacy by practicing scientific inquiry (NRC 1996) and honing confidence and skills in problem solving (Sundberg and Moncada 1994).

In addition to teaching the processes of science, student-active teaching strategies reinforce student learning (Bransford et al. 2000, D’Avanzo 2003a).  Bransford et al. (2000) reviewed a broad array of theory and research that outlines the processes by which people learn.  For example, metacognition is a process by which students reflect on what they do and do not know.  When a student mentally monitors his/her current understanding of a topic, he/she is using metacognition and therefore monitoring personal learning progress.  Student-active teaching can help students develop metacognitive skills.  When students develop and test their own hypotheses or work in small groups to re-evaluate their understanding of concepts based upon conversations with their peers, they are using metacognition (D’Avanzo 2003b).


Past research has generally shown an improvement in science content knowledge from using student-active teaching methods (Sundberg et al. 1994, Anderson 2002); however, much of that research focuses on freshman biology laboratories (Sundberg and Armstrong 1993, Sundberg et al. 2005) and more specifically non-majors freshman biology laboratories (Sundberg and Moncada 1994, Udovic et al. 2002).  Many papers have been published describing how to decrease the cookbook nature of introductory biology courses (Leonard 1991, Sundberg et al. 1992, Sundberg and Moncada 1994, Adams 1998, Grant and Vatnick 1998 and Udovic et al. 2002).  Some researchers have documented knowledge and skills changes in introductory courses (Sundberg et al. 1994, Tashiro and Rowland 1997), but I have seen no studies assessing knowledge change in upper level biology courses.


I recently assessed the impact of an inquiry-based laboratory on student’s knowledge of experimental design.  I implement this lab yearly, during the Fall semester, in my upper level plant ecology class for majors at the University of Mary Washington.  A description of this laboratory was published in Teaching Issues and Experiments in Ecology (TIEE).  The laboratory is titled “Inquiry-based learning in plant ecology: students collect the field data, ask the questions, and propose the answers” (Griffith 2004).  This semester long laboratory falls between a bounded and open-ended inquiry experience (Table 1, Sundberg and Moncada 1994, D’Avanzo 1996, Grant and Vatnick 1998).  Student experience is open-ended because students generate their own hypotheses, research the literature, design experiments, and present their ideas both orally and in a proposal.  Their inquiry experience is bounded or constrained by the kinds of questions I direct them to (i.e. invasive species questions) and the methods that I have available to collect data and make observations.  


The specific questions I addressed were: 1) Do students improve their understanding of experimental design after working in this laboratory? 2) Do students change their self assessment of their understanding of experimental design after working in this laboratory? 3) Do students enrolled during different years differ in their changes in understanding of experimental design?

METHODS

Teaching intervention

My inquiry laboratory was designed to teach upper-level students in a plant ecology course how to: 1) collect data on plant populations (distribution and abundance), 2) formulate hypotheses to explain observed patterns, and 3) write a research proposal that outlined a set of experiments to test their hypotheses. This semester-long project occurred in 13 three hour lab classes.  All lectures and student exercises during this laboratory were focused on this project.  Students, working in groups of 2 or 3, made qualitative observations, collected data on plant distribution and abiotic variables, proposed and researched hypotheses, and designed a series of experiments to answer these questions.  The data collected by students came from several research plots that contained different abundances of two invasive species (Hedera helix and Vinca minor).  The hypotheses addressed the possible causes and consequences of different abundances of these invasive species.  Hypotheses were generated by student groups, reviewed by the instructor, and were mutually agreed upon, after revisions, by students and instructor.  After literature searches, students designed a set of sampling and/or controlled experiments to test their hypotheses.  Student researchers communicated their hypotheses, research, and experimental designs both orally and in a written proposal.  They presented details of their proposals orally in small-research groups, and they also individually prepared a formal written research proposal.

Students learned about sampling designs in one laboratory class and controlled experimental designs in another.  They applied sampling designs during data collection, and they applied controlled experimental design concepts by analyzing descriptions of experimental design from manuscripts (see methods from McElrone et al. 2003, Johnson and Agrawal 2005, Viswanathan et al. 2005).  Students were also given time during a lab class to develop experimental designs for their questions, with my consultation.  During other lab classes, they received library research instruction, did literature searches, received data presentation instruction, and practiced creating graphs.  I have taught this laboratory 4 times in 4 years, but this assessment research was done only in the last 2 years.  Each semester’s class was split into 2 laboratory sections for a total of 4 sections over 2 years.  Full details of this laboratory can be found on the TIEE website (Griffith 2004).


All students in the laboratory were simultaneously enrolled in plant ecology lecture.  During the lecture, students were exposed to creating hypotheses in the context of describing and interpreting data.  I did not explain experimental design concepts in lecture, but I described experimental designs in the course of presenting data sets.  Students were frequently presented with figures and tables and asked to describe and interpret these data in light of relevant hypotheses.  
Student participants

Students enrolled in the plant ecology class during the fall of 2004 and 2005 participated in this assessment research.  Sixty-five students enrolled during these two semesters.  They were mostly junior or senior standing, with very few sophomores.  Students may have been exposed to research concepts in depth, including experimental design, in two other biology courses at the University of Mary Washington.  A limited number may also have participated in our undergraduate research program.


In 2005, I asked students to self report their experience stating hypotheses, writing college research papers, and writing research proposals.  Just over 80% of these students reported writing hypotheses in at least one course in college.  Eighty-eight percent of students had written at least one research paper in college. Two-thirds of students had not written a research proposal.  These variables had no impact on pre- test scores, post-test scores, test score changes, or self reported knowledge.  These variables were not included in my analyses reported here.
Assessment instruments


Figure 1 shows a brief timeline of student work on experimental design and my assessments of their knowledge.  All students answered a set of objective questions (see Pre-test/Post-test Objective Questions in Resources) at the beginning and at the end of the semester (Figure 1).  Objective questions were meant to assess students’ knowledge in specific subject areas.  In 2004, the test included 16 questions.  Eight of these questions addressed experimental design concepts such as types of sampling strategies, organization and names of standard experimental designs, description of experiment components that represent independent and dependent variables, and identification of independently treated experimental units.  The other 8 questions addressed other issues and concepts such as library research and hypotheses.  In 2005, 2 additional experimental design questions were added to the test.  The additional questions expanded my assessment of controlled and sampling designs without greatly increasing the length of the test.  In addition, 8 questions were added to the test in 2005 to ascertain students’ history with research concepts and students’ self reported knowledge (Likert-type questions) of research concepts (see Pre-test/Post-test Background and Self-Assessment Questions in Resources).  The University of Mary Washington Institutional Review Board reviewed and granted my use of human subjects for research in both 2004 and 2005.  Students were anonymously identified for paired statistical testing in 2005.  Specifically, each student wrote a unique number on their pre-test and post-test, in the place of their name.

The week after the experiment design lecture and lab work, students took an unannounced quiz or interim assessment (Figure 1).  This interim assessment instrument (see Interim Assessment in Resources) contained an experimental design description similar to a methods section of a manuscript.  In response, students described nine components of the experimental design, such as independent and dependent variables, individually treated experimental units, and number of replicates.  Each component was given a √ for a correct response, √- for a partially correct response, or 0 for an incorrect response.

Data analysis


For the 2004 and 2005 data I used Chi-square analysis to assess changes in the frequency of correct answers per test item.  Significant differences in the frequency of correct answers were tested using Fisher’s exact test.  The category associations tested with Fisher’s exact test, a 2 X 2 contingency table, were correct versus incorrect answers and pre- versus post- test.  In 2004, no personally identifiable information was collected to pair pre-test and post-test data.  Therefore, I analyzed changes in mean percent objective test items answered correctly per student between pre-test and post-test using ANOVA.  These data were square root transformed to satisfy ANOVA assumptions.  In 2005, a paired t-test assessed changes between the pre-test and post-test in mean percent objective test items answered correctly per student.  For the Likert-type questions, the Wilcoxon related-samples test assessed shifts in frequency of student responses.  This is a non-parametric, paired samples test that assessed individual student response changes between the pre-test and post-test in 5 response categories (i.e. strongly agree, agree, disagree, strongly disagree, and do not know).  The interim assessment was analyzed using a frequency distribution of correct, partially correct, and incorrect responses to nine items on the interim assessment.  All statistical analyses were done using SPSS v. 13 (2004).  Any transformed data was back transformed for data presentations.

RESULTS

In 2004, 31 students took the pre-test and 29 students took the post-test.  The mean frequency of correct answers per question on the eight experimental design questions was 51.3 ± 19.5 % (
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± 1 S.D., N=8) on the pre-test and 71.0 ± 20.7 % (
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± 1 S.D., N=8) on the post-test.  For 4 of the 8 questions, there was a significant increase in percentage of students answering a question correctly (Table 2).  Students’ mean number of correct answers (i.e. mean number of correct answers per student), when including all sixteen objective questions increased significantly (F1,59 = 15.89, p < 0.001) from 55.3 ± 5.1 % (
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± 95% CI) to 70.9 ± 5.9 % (
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± 95% CI) (Figure 2). When only experimental design questions were included, the mean number of correct answers per student also increased significantly (F1,59 = 18.12, p < 0.001) from 50.4 ± 7.2 % (
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± 95% CI) to 71.1 ± 6.5 % (
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± 95% CI).


In 2005, 33 students took the pre-test and post-test.  The mean frequency of correct answers per question on the ten experimental design questions was 56.7 ± 22.3 % (
[image: image7.wmf]x

± 1 S.D., N=10) on the pre-test and 73.3 ± 14.2 % (
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± 1 S.D., N=10) on the post-test.  For 2 of the 10 questions, there was a significant increase in the percentage of students answering a question correctly (Table 2).  For 3 other questions there was a large (>10%), but not significant, increase in correct answers.  The mean number of correct answers per student, when including all eighteen objective questions, increased by 14.8 ± 2.37 % (
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difference ± 1 S.E., Figure 2) between the pre-test and the post-test (t32=6.27, p < 0.001).  The mean number of correct answers per student for just the experimental design questions increased by 17.6 ± 3.48 (
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difference ± 1 S.E., N=10, Figure 2) between the pre-test and post-test (t32=5.05, p < 0.001).


For all pre-test questions (i.e. experimental design questions + all other questions), student scores in 2005 were significantly greater than in 2004. (Figure 2, F1,62 = 15.2, p < 0.001).  When only including answers on experimental design pre-test questions, students in 2004 and 2005 did not score significantly differently (F1,62=1.2, p = 0.28).


Thirty-one (31) students took the mid-semester assessment of experimental design knowledge in 2005 (Table 3).  Twenty-one (21) students were correct on 6 of the 9 components.  Twenty-nine (29) students were correct on 5 of the 9 components.  Sixteen (16) students answered 8 of the 9 components correctly when including partially correct answers.  Six (6) students answered 9 of 9 components correctly or partially correct.  In a component by component analysis, the majority of students gave correct answers for all nine questions except one component: name the type of experimental design.


The first attitude question stated, “I am confident that I can write a hypothesis that is testable with an experiment.”  The pre-test responses shifted from 30% “strongly agree” to 67% “strongly agree” in the post-test responses (Figure 3).  This was a significant increase in student self reported knowledge (Z=-2.995, p  = 0.003).  “Agree“ responses were most frequent in the pre-test and “strongly agree” responses were the second most frequent.  Sixteen of thirty-three students changed their response to “agree” or “strongly agree” responses.  “Do not know” responses disappeared in the post-test.
The second attitude question stated, “I feel that I can analyze the design of an experiment in a research paper.”  The pre-test responses shifted from 21% “strongly agree” to 39% “strongly agree” in the post-test responses (Figure 3).  Rank changes were not significantly different between pre-test and post-test (Z= -1.882, p  = 0.06).  About half of all students did not change response between the pre-test and post-test.  Five students dropped from “strongly agree” to “agree.” Twelve students shifted from “agree” to “strongly agree.”  The “disagree” and “do not know” responses disappeared in the post-test.  The third attitude question stated, “I feel that I can design an experiment to answer research hypotheses.”  The pre-test responses shifted from 21% “strongly agree” to 52% “strongly agree” in the post-test responses (Figure 3).  This was a significant change in student self reported knowledge (Z= -3.1621, p  = 0.002).  The number of “strongly agree” responses in the post-test increased by 10.  These response changes came from drops in “agree”, “disagree”, and “do not know” responses.  All “disagree” responses disappeared and “do not know” responses decreased from 5 to 1 in the post-test.

DISCUSSION

Students in my plant ecology classes of 2004 and 2005 showed moderate improvements in their understanding of experimental design, both objectively and by self assessment.  In both years, students improved both their ability to recognize and name standard experimental design types and their understanding of independently treated experimental units.  In 2004, students also improved in their ability to count experimental units.  By self assessment, students in 2005 started the year with confidence in their general knowledge of experimental design.  For each of these questions, this confidence shifted to the highest level by 6 – 12% by the end of the semester.  The week following an experimental design lab, a large majority of students could analyze an experimental design well enough to draw it, name the independent and dependent variables, state the experiment’s goal, and describe the experimental unit.  Fewer, but still a majority, could describe treatments and identify experimental units and treatments.

In 2004 the increase in correct responses per test item between pre- and post- test was greater than in 2005. However, from the average students’ perspective, knowledge of experimental design increased by similar amounts.  In addition, students in both years started the year with similar degrees of knowledge.  This suggests that individual increases in knowledge do appear with great frequency in specific areas, but that individuals show individual patterns of knowledge improvement.  The significant improvements in percent correct in specific questions show that in several cases there is group-wide improvement on specific concepts.


Other studies have shown similar success in teaching science process skills through inquiry.  Tashiro and Rowland (1997) have implemented “research-rich” courses for undergraduates.  They used a variety of assessment instruments (e.g. Test of Integrated Process Skills and Experimental Design Exam) to determine changes in research related skills.  Similar to my results, they determined that most students had improved research skills such as problem-solving and comprehending primary literature.  A high school biology curriculum designed to teach science process skills through inquiry showed improvements in science process skills (Leonard et al. 2001).  A meta-analysis of inquiry teaching strategies (El-Nemr 1979), found that, compared to students in traditionally taught classes, students showed greater improvement in process skills (e.g. hypothesizing and designing experiments). The results from individual objective questions suggest that at least one concept was not well understood before or after this course.  Question 5 addressed the purpose of blocking in an experimental design.  The low beginning score and lack of improvement may be due to a poor question, poor explanation of the concept, or an entrenched misconception.  In future studies I will change the wording of this question.  The question should more appropriately focus on the practical creation of blocks in experiments.  I, after all, emphasize these practical aspects during conversations with students.  So, for example, the question might read:  “Which of these statements correctly describes a block in an experiment?” The correct response would be: “A block must contain all treatment levels or treatment level combinations [i.e. factorial designs] for the independent variables.”  The current wording of the question placed a focus on variability concepts on which I did not focus in lab. The results from individual objective questions also suggest that at least two concepts were well understood before the beginning of the course and little improvement in knowledge happened.  The first concept is the role of different sampling types (Question 3) and the second is how to create independent variables in a controlled experiment (Question 8).


The organization of this plant ecology laboratory, and other laboratories just mentioned, loosens the tight control on content and inquiry seen in many undergraduate science laboratories.  Researchers and practitioners have described this as un-cookbooking laboratories (Leonard 1991).  Students in non-cookbook laboratories use methods of inquiry similar to those used by scientists doing their own research.  This use of inquiry in the undergraduate classroom was a key recommendation by the NRC (1996).  The project-centered approach in these laboratories creates key opportunities for undergraduates to master process and content through group interaction, oral communication, and writing (NRC 1996) while developing problem-solving skills that may be applied to a variety of future situations (Sundberg and Moncada 1994).  


Students in 2005 began the semester with high confidence in their ability to write testable hypotheses, analyze experimental designs, and create experiments.  The large majority of students agreed or strongly agreed with the experimental design attitude questions (Table 2).  Despite the beginning high confidence, students finished the semester with even higher confidence in their experimental design capabilities.  Responses to all three attitude questions showed an increase in confidence as students shifted from “Agree” to “Strongly Agree.”  Students reported increased confidence in their ability to write hypotheses, analyze experimental designs in papers, and design experiments.  On average, this shift in beliefs paralleled the increase in knowledge by students shown by the increase in correct answers on the objective test.


Sundberg (1997) assessed similar attitude changes in an introductory investigative biology laboratory.  The assessment items most similar to my questions were Likert-type questions for the statements: “I do not have the ability to think scientifically” and “I would not hesitate to apply for a job in which I had to design and perform scientific experiments.”  His students, in contrast to mine, became more pessimistic about their abilities to design experiments after they finished the laboratory.  I suggest two possible reasons for this discrepancy: question differences and student characteristics.  First, the discrepancy may arise when comparing different Likert-type questions.  So, student responses could be uniquely connected to the different questions.  For example, a student might well disagree with the job application statement after he/she knows more about experimental design than before he/she studied experimental design.  Their increased knowledge of design could lead to the realization that experimental design is not fun.  Second, the discrepancy may arise because this compares students in an introductory, non-science majors laboratory to students in a biology laboratory for junior and senior majors.  Multiple exposures to experimental design concepts or other characteristic differences may have led my students to answer very differently than Sundberg’s students.


Taken as a whole, my course assessments support each other.  Both objective and subjective question responses support students’ improvement in understanding experimental design concepts.  Groups of students understand some specific concepts better at the end of the course than the beginning, individual students understand all concepts better, on average, by the end of the course, and individual students recognize these improvements.  These results are different from one past study in an important way.  Sundberg (1997) found that students showed improved conceptual understanding but showed no parallel improvement in their attitudes toward science.  This supports the possibility that this upper level inquiry laboratory helped my students develop increased confidence in their science skills in addition to their understanding of those skills.


Some of the limitations on conclusions drawn from this research leave room for future research.  The assessments described focus attention on laboratory activities, but students also were exposed to limited experimental design concepts in the lecture part of this course.  In addition, students heard many experimental design descriptions and they practiced data description and interpretation in almost every class.  It is not possible to separate the influences of the laboratory and the lecture on knowledge change.  That said, the most intensive study of and practice in experimental design comes in the laboratory.  It would be interesting to study the impact of different parts of this laboratory on changes in experimental design knowledge.  My current assessment design, a pre-test at the lab’s beginning and a post-test at the lab’s end, can not separate influences of different laboratory activities on student knowledge. 


The question remains: “Can students design experiments to answer testable hypotheses?”  Informal conversations with colleagues who teach upper division biology courses support my contention that experimental design concepts are not well understood.  Yet, we also agree that experimental design includes key concepts for students to understand whether they plan a graduate research career or a post-graduate professional degree.  While I have not analyzed the content of final research proposals, it is my observation that the majority of my students could describe their experimental designs both orally and in their final research proposal.  Their descriptions included experimental units, counts of experimental units and replication, independent variables, and dependent variables.  Furthermore, their experimental designs accurately addressed their proposed hypotheses.

As young scientists, experimental design is not the only process skill I hope my students learn from this semester long laboratory.  Laboratory exercises also addressed research skills that included data collection techniques, data analysis, hypothesis writing and literature research.  My assessments, reported here, focused on one component of this research project.  Yet, students’ experimental designs only make sense in the context of their complete research project.  So, I believe more complete analysis of final research proposals would reveal evidence of students’ ability to integrate several complex skill sets that they have learned during the semester.
PRACTITIONER REFLECTIONS

This research was my first attempt to assess changes in knowledge of my students.  My retrospective view of my results will help me improve my future assessment of student knowledge and experimental design concepts.  The three main instruments of my assessment were the pre- and post-test of objective knowledge, pre- and post-test of attitudes, and the interim knowledge assessment. The specific experimental design concepts assessed in these three instruments were not parallel.  For example, the attitude questions were not as specific as the objective knowledge questions or the interim knowledge questions. One of the attitude questions was “I feel that I can analyze the design of an experiment in a research paper.”  A connected objective question would be “What is the experimental unit in this experiment,” or “What is the dependent variable in this experiment?”  I believe I would produce clearer, more interpretable results if the vague idea of “experimental design analysis” in the attitude question more specifically addressed specific experimental design elements such as “experimental units” or “dependent variables.”  In addition, the design of all assessment questions must flow directly from the concepts I plan to teach.  As I teach experimental design concepts, I believe I make clear what students should know and how a good proposal will describe an experimental design.  The objective questions included in the pre- and post-test do not parallel design concepts as closely as they should.  The experimental blocking question again serves as an example.  The statistical reason for creating experimental blocks is to control random variation between blocks.  But, my behavioral objective during inquiry sessions in lab is for students to be able to correctly create and recognize blocks in experimental designs.  Therefore, the design of all the assessment components must start back with the question, “What experimental design concepts do I want students to learn?”  In the case, the current question addresses, for me, a minor concept related to experimental blocking.  This question should be changed to address my behavioral objective for student understanding of blocking.


In closing, I believe the most important lesson I have learned as a research practitioner came from writing this paper.  As I organized, read the literature and wrote this manuscript, I reviewed and revisited a set of student active teaching concepts I have learned in the last 2 years.  My reading and writing has allowed me to verbalize my understanding of ideas such as student misconceptions and metacognition.  Now that I can verbalize these ideas, I can apply them and communicate them to students as well as colleagues.  For example, I can talk explicitly about common misconceptions students have in lecture and in laboratory.  In short, before I wrote this manuscript, student active concepts were in my head.  Now, I can apply these student active concepts and improve my teaching strategies to improve student learning. 

ACKNOWLEDGEMENTS

I thank Charlene D’Avanzo, Bruce Grant, and Deborah Morris for organizing and guiding the workshops that led to this study.  I am indebted to my fellow research practitioners for discussions during this project.  This manuscript was substantially improved by the comments of Charlene D’Avanzo and two anonymous reviewers.  TIEE and this study were supported by NSF grants (DUE 0127388, DUE 0443714, and DUE 9952347).

REFERENCES
Adams, D. L. 1998. What works in the nonmajors’ science laboratory: some practical advice on how to build a workable and meaningful introductory science laboratory. Journal of College Science Teaching 28: 103 – 108.

Anderson, R. D. 2002. Reforming science teaching: what research says about inquiry. Journal of Science Teacher Education 13: 1 – 12. 

Bransford, J.D., A.L. Brown, and R.R. Cocking, editors. 2000. How people learn: brain, mind, experience, and school. National Academy Press, Washington, DC. 

D’Avanzo, C. 1996. Three ways to teach ecology labs by inquiry: guided, open-ended, and teacher-collaborative. Bulletin of the Ecological Society of America 77: 92 – 93.

D’Avanzo, C. 2003a. Application of research on learning to college teaching: ecological examples. BioScience 53: 1121 – 1128.

D’Avanzo, C. 2003b. Research on learning: potential for improving college ecology teaching. Frontiers in Ecology and the Environment 1: 533 – 540.

El-Nemr, M. A. 1979. Meta-analysis of the outcomes of teaching biology as inquiry. Thesis. University of Colorado at Boulder, Boulder, CO, USA.

Grant, B. and I. Vatnick. 1998. A multi-week inquiry for an undergraduate introductory biology laboratory: investigating correlations between environmental variables and leaf stomata density. Journal of College Science Teaching 28: 109-112.

Griffith, A. B. July 2004, posting date. Inquiry-based learning in plant ecology: students collect the field data, ask the questions, and propose the answers. Teaching Issues and Experiments in Ecology, Vol. 2: Experiment #2 [online]. http://tiee.ecoed.net/vol/v2/experiments/proposal/abstract.html.

Johnson, M. T. J., and A. A. Agrawal. 2005. Plant genotype and environment interact to shape a diverse arthropod community on evening primrose (Oenothera biennis). Ecology 86: 874 – 885.

Leonard, W. H. 1991. A recipe for uncookbooking laboratory investigations.  Journal of College Science Teaching 21: 84 – 87.

Leonard, W. H., B. J. Speziale, and J. E. Penick. 2001.  Performance assessment of a standards-based high school biology curriculum. The American Biology Teacher 63: 310–316.

McElrone, A. J., J. L. Sherald, and I. N. Forseth. 2003. Interactive effects of water stress and xylem-limited bacterial infection on the water relations of a host vine. Journal of Experimental Botany 54: 419 – 430.

McNeal, A.P, and C. D’Avanzo. 1997. Student-active science: models of innovation in college science teaching. Saunders College Publishing. Forth Worth, TX, USA.

National Research Council. 1996. From analysis to action: undergraduate education in science, mathematics, engineering, and technology. Center for Science, Mathematics, and Engineering Education. Washington, D.C., USA.

Simon, H.A. 1996. Observations on the sciences of science learning. Paper prepared for the Committee on Developments in the Science of Learning for the Sciences of Science Learning: An Interdisciplinary Discussion. Department of Psychology, Carnegie Mellon University, Pittsburg, PA, USA. 

SPSS version 13.0. 2004. SPSS Inc., Chicago, Illinois, USA.

Sundberg, M. D. and J. E. Armstrong. 1993. The status of laboratory instruction for introductory biology in U.S. universities. The American Biology Teacher 55: 144 – 146.

Sundberg, M. D., J. E. Armstrong, and E. W. Wischusen. 2005. A reappraisal of the status of introductory biology laboratory education in U.S. colleges and universities. The American Biology Teacher 67: 525 – 529.

Sundberg, M. D., M. L. Dini, and E. Li. 1994. Decreasing course content improves student comprehension of science and attitudes towards science in freshman biology. Journal of Research in Science Teaching 31: 679 – 693.

Sundberg, M. D., E. J. Kormondy, J. L. Carter, J. A. Moore, S. N. Postlewaite, and J. W. Thornton. 1992. Education: reassessing the Commission on Undergraduate Educations in the Biological Sciences. (did undergraduate biological education improve with the creation of the CUEBS?). BioScience 42: 442-447.

Sundberg, M. D. and G. J. Moncada. 1994. Creating effective investigative laboratories for undergraduates. BioScience 44: 698-704. 

Sundberg, M. D. 1997. Assessing the effectiveness of an investigative laboratory to confront common misconceptions in life sciences. Pages 141 – 162 in A. P. McNeal and C. D’Avanzo, editors. Student Active Science: Models of Innovation in College Science Teaching. Saunders College Publishing, Fort Worth, TX, USA.

Tashiro, R. and P. M. Rowland. 1997. What works: empirical approaches to restructuring courses in biology and environmental sciences. Pages 163 – 188 in A. P. McNeal and C. D’Avanzo, editors. Student Active Science: Models of Innovation in College Science Teaching. Saunders College Publishing, Fort Worth, TX, USA.

Udovic, D., D. Morris, A. Dickman, J. Postlethwait, and P. Wetherwax. 2002. Workshop biology: demonstrating the effectiveness of active learning in an introductory biology course. BioScience 52: 272 – 281.

Viswanathan, D. V., A. J. T. Narwani, and J. S. Thaler. 2005. Specificity in induced plant responses shapes patterns of herbivore occurrence on Solanum dulcamara. Ecology 86: 886 – 896.

Weimer, M. 2002. Learner-centered teaching: five key changes to practice. Jossey-Bass Co., San Franscisco, CA, USA.

Table 1. Inquiry framework and degrees of student creativity.  Five inquiry approaches (rows) that might be used in ecology labs and four components of research (columns).  “Given” means this research component is provided by the instructor.  “Student” indicates that students, under guidance of instructor, create or collect the information for this research component.  “Scholarly goal” describes the content or process that can be taught through different levels of student creativity. The semester long laboratory in this study falls between a bounded and open-ended inquiry experience, shown in grey.

	Information given to student→
	Research

question
	Study

system and

methods
	Data

collection
	Analysis

and

presentation
	Scholarly goal

of activity

↓

	Inquiry

name↓
	
	
	
	
	

	Demonstration
	given
	given
	given
	given
	teach existing

knowledge by

showing or guiding students 



	Guided

Inquiry
	given
	given
	student/

given
	student
	

	Bounded

Inquiry
	student/

given
	student/

given
	student
	student
	teach process

of knowledge construction

	Open-ended

Inquiry
	student/

given
	student
	student
	student
	

	Collaborative

research
	given
	student/

given
	student/

given
	student/

given
	create new

knowledge

	http://tiee.ecoed.net/teach/framework.jpg; Sundberg and Anderson 1994; D’Avanzo 1996; Grant and Vatnick 1998.


Table 2. Change, between pre- and post-test, in frequency (%) correct answers per test item (objective questions only).  Questions are about experimental design concepts. “*” indicates significant change in frequency.  In 2004, pre-test N = 31 and post-test N = 29.  In 2005, pre-test and post-test N = 33.

	Question
	Year
	Beginning

% correct
	% correct

change
	Fisher’s exact

score
	p-value

	1
	2004
	42
	27
	6.22
	0.052*

	

	2005
	22
	60
	27.34
	0.000*

	
	
	
	
	
	

	2
	2004
	45
	34
	7.42
	0.036*

	
	2005
	63
	10
	3.04
	0.353

	
	
	
	
	
	

	3
	2004
	90
	-4
	2.00
	0.417

	
	2005
	78
	16
	4.59
	0.103

	
	
	
	
	
	

	4
	2004
	45
	38
	9.49
	0.006*

	
	2005
	42
	37
	11.43
	0.002*

	
	
	
	
	
	

	5
	2004
	23
	1
	4.28
	0.231

	
	2005
	24
	22
	4.19
	0.243

	
	
	
	
	
	

	6
	2004
	47
	25
	4.39
	0.083

	
	2005
	64
	9
	0.63
	0.426

	
	
	
	
	
	

	7
	2004
	54
	36
	8.37
	0.005*

	
	2005
	56
	23
	5.59
	0.073

	
	
	
	
	
	

	8
	2004
	64
	8
	1.67
	0.667

	
	2005
	79
	0
	2.69
	0.586

	
	
	
	
	
	

	9
	2004
	Not asked
	---
	---
	---

	
	2005
	52
	0
	2.23
	0.551

	
	
	
	
	
	

	10
	2004
	Not asked
	---
	---
	---

	

	2005
	87
	-11
	2.30
	0.617


Table 3. Number of students giving correct, partially correct, and incorrect answers for 9 components of the mid-semester experimental design (ED) quiz in 2005 (N=31).  The nine components were 1. draw picture of ED, 2. describe treatments in experiment, 3. name independent variable, 4. name dependent variable, 5. state goal of experiment, 6. name experimental unit, 7. count experimental units, 8. count number of replicates, and 9. name ED type.

	
	Category of Answers

	Component
	Correct
	Partially

Correct
	Incorrect

	1. Draw


	28
	3
	0

	2. Treatments


	19
	6
	6

	3. Independent variable


	26
	3
	2

	4. Dependent variable


	26
	4
	1

	5. Goal


	26
	2
	3

	6. Name unit


	28
	0
	3

	7. Count unit


	19
	1
	11

	8. Count replicates


	18
	2
	11

	9. Name design
	0
	15
	16
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Figure 1. Timeline of assessments and student work on student experimental designs (ED).  Assessment and student work were during semester long lab in Plant Ecology course.  Pre-test and post-test included objective questions and self-assessment (Likert-type) questions.
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Figure 2. Percent of correct answers per student on pre- and post-test questions in Plant Ecology class of 31 

students in 2004 and 33 students in 2005.  Panel A shows 2004 results and panel B shows 2005 results.  A 

sub-set of the questions given were specific to experimental design.  In 2004, 8 of the 16 questions were 

about experimental design and in 2005, 10 of the 20 questions were about experimental design. Error bars 

are 95% confidence intervals.
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Figure 3. Student responses on Likert-type self assessment questions about knowledge of experimental 

design.  Response categories are strongly agree (SA), agree (A), disagree (D), strongly disagree (SD), 

and do not know (DNK).  Thirty-three students took the pre-test and the post-test.

Question 3: I feel that I can design and experiment to answer research 

hypotheses.
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Question 2: I feel that I can analyze the design of an experiment in a research paper.





Pre-test / Post-test
Objective Questions

+++++++++++++++++++++++++++++++++++++

* 
- Indicates experimental design question given in 2004 and 2005

** 
- Indicates experimental design question given in 2005 only

Correct answer indicated in bold.
+++++++++++++++++++++++++++++++++++++

*1. You wish to measure the effects of 2 independent variables on a single dependent variable.  Which of the following experimental designs are appropriate?

A. a completely randomized design

B. a blocked design

C. factorial design

D. a latin squares design

2. Which of these statements is typically true about a graph?

A. The independent variable is shown on the X-axis

B. The independent variable is shown on the Y-axis

*3. A 2X3X2 factorial design that has 6 replicates will require how many experimental units?

A. 13
B. 18

C. 36

D. 72

4. You are doing a keyword search in a literature database and you enter the three 3 words – photosynthesis and legume.  This search should show you all the references in the database that

A. contain at least one of the words

B. contain both of the words

C. contain the phrase – photosynthesis and legume

D. contain neither of the words

5. You have found this reference in one of the library’s databases:

Griffith, A. and I. Forseth. 2002. Primary and secondary seed dispersal of a rare, tidal wetland annual, Aeschynomene virginica.  Wetlands 22: 696 – 704.

What kind of source does this come from?

A. an edited book

B. a chapter in a book

C. a  government publication

D. a journal article

6. You have found this reference in one of the library’s databases:

Griffith, A. and I. Forseth. 2002. Primary and secondary seed dispersal of a rare, tidal wetland annual, Aeschynomene virginica.  Wetlands 22: 696 – 704.

What words would you use to most efficiently search Mary Washington’s card catalogue to see if they had this reference?

A. Griffith and Forseth

B. Wetlands

C. Primary and secondary seed dispersal of a rare, etc.

D. Aeschynomene virginica
*7. For which sampling strategy do you need to know the least about the area you are sampling?

A. random sampling

B. systematic sampling

C. stratified sampling

8. Which of these statements is true about size of the error of an estimate for a population parameter?

A. As the sample size increases, the error of an estimate may increase or decrease depending on the variance of the estimate

B. As the sample size increases, the error of an estimate increases

C. As the sample size increases, the error of an estimate decreases

D. There is no relationship between sample size and the error of an estimate

9. In the previous question, which is the dependent variable and which is the independent variable?

A. “Sample size” is the independent variable and “error of the estimate” is the dependent variable

B. “Sample size” is the dependent variable and “error of the estimate” is the independent variable

C. It is not possible to tell which is the dependent variable and which is the independent variable

*10. Which of these statements must be true about each experimental unit in an experiment? Each experimental unit must be

A. manipulated in exactly the same way

B. an individual organism

C. treated with a different treatment level from all other experimental units

D. independent of each other experimental unit

*11. When you use experimental blocks in an experiment, you normally wish to

A. minimize the within block variation

B. minimize the among block variation

C. compare the mean difference between blocks

D. compare the mean difference of independent variables within blocks

12. When the random errors affecting a group of experimental units increase, how will this affect parameter estimates of an independent variable?

A. the mean of an independent variable will change

B. the variability of an independent variable will increase

C. the standard deviation of an independent variable will decrease

D. the mean of an independent variable will be more biased

13. What is a difference between a conceptual hypothesis and a working hypothesis?

A. A conceptual hypothesis does not state an independent variable and a working hypothesis does.

B. A conceptual hypothesis does not state an independent or dependent variable and a working states both

C. All variables in a working hypothesis are measurable and this in not necessarily true of a conceptual hypothesis.

*14. If you were to sample every 2 meters along a line transect going from the edge of the ocean, up the beach and across the dunes, this would be an example of 

A. random sampling

B. systematic sampling

C. stratified sampling

*15. Which of these experimental designs would allow you to test for interactions among two or more independent variables on a dependent variable?

A. completely randomized design

B. randomized block design

C. factorial design

*16. You manipulate an experimental unit is some way in an experiment and then you come back and take some measure of the experimental unit.

A. The measurement is a treatment level

B. The manipulation is the dependent variable

C. The measurement is the independent variable

D. The manipulation is the independent variable 
**17. Why is it important to use standard experimental designs?
A. The only correct way to do experiments is using standard experimental designs.

B. Standard experimental designs are known to consistently give correct results

C. There is a standard experimental design for most important science questions

D. Standard experimental designs are easy to analyze statistically

**18. When thinking about sampling and sampling designs, what is a difference between a population and a sample?

A. A population is always larger than a sample

B. A population provides information about the groups in a sample

C. A population mean will always be biased and a sample mean will always be unbiased

D. A sample must be as large as a population to be useful

Pre-test / Post-test
Background and Self Assessment Questions

+++++++++++++++++++++++++++++++++++++

* 
- Indicates experimental design self assessment question

+++++++++++++++++++++++++++++++++++++

1. My major is

A. biology

B. environmental science

C. other than biology or environmental science

2. Before this lab, in how many classes did you write testable hypotheses?  If you wrote hypotheses in the lecture and lab for a class, count that as 1.

A. 0

B. 1

C. 2

D. 3

E. 4 or more

3. Before this lab, how many research proposals have you written?

A. 0

B. 1

C. 2

D. 3

E. 4 or more

4. Before this lab, how many college research papers have you written?

A. 0

B. 1

C. 2

D. 3

E. 4 or more

*5. I am confident that I can write a hypothesis that is testable with an experiment.

A. strongly agree

B. agree

C. disagree

D. strongly disagree

E. do not know

6. I feel that this laboratory has improved my writing ability.

A. strongly agree

B. agree

C. disagree

D. strongly disagree

E. do not know

7. I feel that this laboratory will increase the rate that I can write science reports or lab reports.

A. strongly agree

B. agree

C. disagree

D. strongly disagree

E. do not know

*8. I feel that I can analyze the design of an experiment in a research paper.

A. strongly agree

B. agree

C. disagree

D. strongly disagree

E. do not know

*9. I feel that I can design an experiment to answer research hypotheses.

A. strongly agree

B. agree

C. disagree

D. strongly disagree

E. do not know

 Interim Assessment

Experimental Design
For the experiment below:

1. draw a picture of the experiment as described

2. show the treatment combinations assigned on one bench

3. state the independent variable(s)

4. state the dependent variable(s)

5. state the goal of the experiment

6. describe an experimental unit 

7. count the total number of experimental units

8. count the number of replicates

9. name the experiment type

An experiment was set up on benches in a greenhouse.  Pots were arranged on each of four benches.  Each pot contained 5 plants of the same species.  On each bench there were pots organized in 6 rows and 4 columns.  All pots were given 12 hours of light and 12 hours of dark for the duration of the experiment.

One treatment for this experiment was light type.  Pots were lit with either fluorescent lights or with fluorescent UV (ultraviolet) lights.  The second treatment for this experiment was amount of watering.  The flooded water treatment pots were watered daily.  The high water treatment pots were watered every three days.  The medium water treatment pots were watered weekly.  The low water treatment pots were watered every 3 weeks.

Treatment combinations were assigned randomly to each bench.  At the end of 6 weeks, five leaves from each of the plants were chosen randomly.  The amount of leaf spotting on each of these leaves was estimated and a mean was calculated for the pot.  The number of flowers on each plant was also counted and the mean # flowers per plant per pot was calculated.

Answers to questions 3 - 9

3. The independent variables were type of light and amount of water given.

4. The dependent variables were amount of leaf spotting per plant and # flowers per plant.

5. The goal of the experiment is to determine the impact of light type and amount of watering on leaf damage and flower production.

6. The experimental unit is a pot of five plants.

7. There are 96 experimental units.

8. There are 4 replicates.

9. This is a randomized, factorial experimental design.
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