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Abstract: This qualitative study analyzed grade 12 biology students’ answers to written extended-response

questions that describe hypothetical scenarios of animals’ evolution. We investigated whether these type of questions are

suitable for students (n¼ 24) to express a meaningful understanding of evolutionary theory. Meaningful understanding is

comprised of factual, procedural (rules, algorithms), schematic (‘‘knowing why’’), and strategic knowledge (when, where

and how to apply knowledge). Evolutionary theory as a multi-level concept includes concepts on three different levels

(descriptive, hypothetical, and theoretical). Students’ answers are examined as to whether they reflect the meaningful

linking of all concepts through appropriate use of scientific language. Results showed that students (a) predominantly

linked descriptive concepts and, although expected, (b) demonstrated only some cross-concept-level links (theoretical–

descriptive), (c) exhibited even fewer multi-concept-level links (theoretical–descriptive–hypothetical), and (d) avoided

the linking of hypothetical concepts with theoretical ones. All these results showed the lack of explanations and reasoning

(absence of schematic and strategic knowledge) and knowledge of how to link concepts about evolutionary theory

meaningfully. The results indicate further that written extended-response questions are only partially suitable for

demonstrating meaningful understanding. Implications for teaching of evolutionary theory are discussed. � 2008 Wiley

Periodicals, Inc. J Res Sci Teach 46: 333–356, 2009
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The aim of science education is to achieve a high degree of scientific literacy (Council of Ministers of

Education, 1997; National Research Council, 1996). Vital to this goal is the development of meaningful

understanding of scientific concepts. Such an understanding goes beyond rote memorization toward the

ability to construct connections among various pieces of information and to explain everyday phenomena

with current scientific knowledge. Research demonstrates that developing such an understanding is difficult

and often not successful (see for example studies on conceptual change in Pfundt & Duit, 2004). Assessing a

meaningful understanding is also a difficult endeavor as teachers often lack the knowledge, skills, and time to

develop assessment strategies that allow students to demonstrate their meaningful understanding rather than

their memorization skills. Science education researchers have identified a variety of assessment strategies as

having potential to assess meaningful understanding, such as for example, concept maps, which are visual,

structured heuristics (Novak, 1990, 1998) that represent the interrelationship of concepts and have the

potential to elicit students’ meaningful understanding (Novak, Mintzes, & Wandersee, 2000). Other

examples are structured interviews (Southerland, Smith, & Cummins, 2000) in which students are asked to

construct detailed personal explanations of concepts, or tape-recorded verbal interactions (Hogan &

Fisherkeller, 2000), which like the structured interviews assess students’ reasoning skills. However, both

researcher groups suggest that these assessment strategies are impractical for classroom use, are time

consuming, require technical support and depend largely on students’ oral skills. In contrast, commonly used
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in classrooms are multiple-choice, short-answer and essay-answer questions. In this study we will focus on a

special type of essay question that describes a hypothetical scenario and asks students, as they articulate an

answer, to re-organize and synthesize various newly learned scientific concepts ‘‘into an integrated web of

meaning’’ (Rivard & Straw, 2000, p. 568). We label them as written extended-response questions in order to

distinguish them from other types of essay questions that for example, refer to simple tasks such as defining,

listing or describing and which require the learner to focus on one concept in isolation. While teachers

frequently use examples of written extended-response questions as summative assessment of a unit, science

education researchers use them in studies focusing on identifying misconceptions (Bishop & Anderson,

1990) and in particular, in studies stressing students’ conceptual change using a pre-post-test design (Jensen

& Finley, 1996; Jiménez-Aleixandre, 1992; Settlage, 1994). In contrast to these studies, the purpose of our

study is to determine whether this type of assessment strategy is suitable for grade 12 biology students to

demonstrate their understanding of evolutionary theory by examining their answers to extended-response

questions at the end of a unit on evolution.

Evolution a Unifying Theme and a Controversial School Topic

The topic of evolution was chosen because it is a central idea and unifying theme in biology, which is

reflected in the prominent role that this topic is given in various national and international science standards

and benchmarks (American Association for the Advancement of Science, 1989; 1993; Council of Ministers

of Education, 1997; National Research Council, 1996), international curricula such as the Spanish and British

national curriculum (CEC, 1994; QCA, 2007) and professional teacher associations (National Association of

Biology Teachers, 1995; National Science Teacher Association, 1997). The theory of evolution is important

for students studying biology at the high school level as it provides a foundation upon which other concepts

can be built and a framework into which complex biological systems fit. Evolution is rich in opportunities to

teach students aspects of the nature of science, of the role of evidence to support claims and of the process of

the development of theory in the discipline of science/biology. As Dobzhansky (1973) wrote: ‘‘Nothing in

biology makes sense except in light of evolution.’’ Thus, for students to become biologically literate and to

pursue further studies in biology at the post-secondary level, it is essential that they develop a meaningful and

scientifically accepted understanding of evolutionary theory. Nevertheless, regular polls (Goodstein, 2005) as

well as educational research show that knowledge about evolutionary theory is limited and controversial

among high school science students (Jensen & Finley, 1996) as well as across adult North Americans. A large

number of people reject evolutionary theory (Smith, Siegel, & McInerney, 1995) and various religious and

community groups oppose its teaching in high school classes (Goldsmith, 2000; Moore, 2000). Similar

discussions are being reported from other countries such as the United Kingdom (Allgaier & Holliman,

2006), however the magnitude of this discussion in the U.S.A. is unique. Various studies pointed out that U.S.

biology teachers spend only a few instructional hours, if any at all, on the topic as a result of community

pressure or their own beliefs that evolutionary theory should only be taught in parallel to creationism or

intelligent design. For example, 55% of teachers in Texas and 60% of teachers in Louisiana spend less than 5

instructional days on teaching evolution (Aguillard, 1999; Shankar & Skoog, 1993). Donnelly and Boone

(2007) investigated 229 Indiana teachers’ attitudes towards the state and the evolution standards and the

emphasis given to teaching evolution. They found a strong correlation between teachers’ attitudes toward the

Indiana and evolution standards and teachers’ use of these standards. For example, teachers’ attitudes toward

the evolution standards were a strong predictor of their evolution practice; they spend an average of 14.3 days

teaching evolution and also regarded the evolution standards as helpful in justifying teaching evolution to

parents and administration.

While earlier science education research focused on students’ cognitive understanding of evolutionary

theory (Anderson, Fisher, & Norman, 2002; Bishop & Anderson, 1990; Demastes, Settlage, & Good, 1995),

the heated discussion of evolution versus creationism resulted in research examining ‘‘paracognitive factors’’

(Dagher & BouJaoude, 2005, p. 379) such as personal or religious beliefs, which influence student

engagement with the content (Brem, Ranney, & Schindel, 2003; Fysh & Lucas, 1998; McKeachie, Lin, &

Straver, 2002; Roth & Lucas, 1997; Sinatra, Southerland, McConaughy, & Demastes, 2003). Hokayem and

BouJaoude (2008) explored 11 college students’ beliefs about evolutionary theory after taking an

undergraduate course on this topic. Students’ positions about evolutionary theory ranged from complete
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acceptance to complete rejection despite all students’ acceptance of the validity of scientific explanations in

life situations and in nature. In addition, students’views differed from the course instructor’s strictly scientific

notions and explanations. Based on these results the authors stress the importance of identifying and

understanding students’ personal beliefs when teaching evolutionary theory. These results are in contrast to

Ingram and Nelson’s (2006) study. These authors investigated university students’ acceptance or rejection of

creation and evolution in upper-level evolution courses in a pre-post-course test design. They found that

students had positive attitudes towards evolution which became more positive following the course and in

particular, for students who were initially undecided about their attitudes toward evolution. Furthermore,

independent of whether students accepted evolution or rejected it, their attitudes had little influence on

achievement. Ingram and Nelson concluded that understanding evolution is more important than accepting it.

Anderson (2007) raised the question of whether it is of concern what students come to learn about

evolutionary theory or what they come to believe about evolutionary theory. He answered his question by

making reference to the audience and the context of the discussion. In instructional contexts what matters is

what students know about evolutionary theory, which can be tested with various assessment strategies. What

students believe about evolutionary theory, and whether or not they believe it is true, cannot be tested and as

Anderson stresses ‘‘would be difficult to do with certainty even if the instructor wished to do so’’ (p. 674). In a

New York Times article Kenneth Miller was quoted saying to a student, ‘‘Belief is never an issue . . . I just

want you to know what it is and how it works’’ (Dean, 2005 quoted in Anderson, 2007: 674). Our study

focuses on students’ content knowledge about evolutionary theory and more specifically, whether particular

assessment tools (written extended-response questions) are suitable for students to express their meaningful

understanding of evolutionary theory.

Theoretical Perspective
Meaningful Understanding

Meaningful understanding is a complex phenomenon. It is comprised of different types of knowledge

and the ability to link these knowledge types. Meaningful understanding of biology in general and

evolutionary theory specifically incorporates an understanding of single concepts such as population or of

more complex concepts such as ecosystems (declarative or factual knowledge), which following particular

rules and models, combines multiple individual concepts (e.g., producer, consumers, decomposers, food

chain, energy flow) resulting in a new concept. The latter describes procedural knowledge (concepts, rules,

algorithms), which together with declarative knowledge comprises parts of meaningful understanding.

Furthermore, meaningful understanding includes schematic knowledge (guiding principles, schemes, mental

models), ‘‘knowing why,’’ such as why ecosystems are an important factor for evolutionary change. Finally,

meaningful understanding implies strategic or conditional knowledge, the understanding of when, where,

and how to employ and apply knowledge and why it is important to do so (Paris, Cross, & Lipson, 1984;

Shavelson, Ruiz-Primo, & Wiley, 2005). For example, physicists know when to apply Newton’s first law

given a problem dealing with force and motion whereas novices are attracted to the surface features of the

problem (Chi, Feltovich, & Glaser, 1981). Physics students or as in our study, grade 12 biology students are

not seen as experts but neither are they novices. Thus, they are likely to develop strategic knowledge but it is

questionable to what extent (quantity and quality) and how well this knowledge is structured or organized. In

the context of Ausubel’s (1977) view of meaningful understanding we define high school students’ strategic

knowledge as the ability to apply the newly learned concepts to new situations or scenarios during class time,

and to draw on the biological concepts more consistently and appropriately when confronted with scientific

phenomena in the classroom and in everyday life. This includes for example, the ability to recognize new

information as something different from one’s current understanding, to identify inconsistencies and to

construct explanations to reconcile knowledge conflicts or to seek connections among diverse pieces of

information (Chan, Burtis, & Bereiter, 1997).

Levels of Scientific Concepts

Science concepts are often complex and abstract in nature. This can be a barrier for students to develop a

meaningful understanding of such concepts. Lawson, Alkhoury, Benford, Clark, and Falconcer (2000)
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developed a classification system for scientific concepts, which we used for this study. They classified

scientific concepts as descriptive, theoretical or hypothetical; what follows is a brief summary of this work.

(See Lawson et al., 2000, for a fuller explanation and for the theoretical underpinnings that support these

terms.) Descriptive concepts allow us to order and describe experience. They are expected to be the easiest to

learn since meaning comes from experience and they should be learned first when new knowledge is tackled.

Examples of descriptive concepts are ‘‘a chair’’ or ‘‘walking’’ or the concept that an animal is ‘‘nocturnal’’ as

these can be observed and described. The second type of concepts according to Lawson and colleagues are

theoretical ones. These concepts cannot be directly observed but are imagined and accepted based on an

understanding of other information and theories. For example, ‘‘an atom’’ or ‘‘air pressure’’ cannot be

observed no matter how long an observer waits and their meaning develops from indirect evidence and

theories. The third type of concept is intermediate to descriptive and theoretical concepts and is called

hypothetical. It cannot be observed but it is proposed that if one could wait for an extended period of time then

it would be observed and described. Lawson and colleagues give examples of hypothetical concepts such as

natural selection or species and we would add here the concept of ‘‘ecological succession.’’

Evolutionary Theory—A Multi-Level Concept

Using Lawson et al. (2000) three levels of concepts, evolutionary theory is comprised of various

concepts on multiple levels. Concepts such as phenotype (fur color, lung capacity, and speed), food chains

(predator–prey relationships) and environmental factors would be classified as descriptive concepts (D).

Gene, genotype and mutation would be theoretical concepts (T) and as such the most difficult for students to

comprehend. Concepts that are intermediate in terms of ease of comprehension as they are in part theoretical

but could explain observations if it were possible to observe for an extended period of time are classified as

hypothetical concepts (H). Examples are species, evolution, natural selection, and fossil.

A meaningful understanding of evolutionary theory pre-supposes that students can combine the discreet

concepts given as examples above in a coherent explanation of a situation that is observed in nature. Specific

to the complexity of evolutionary theory, many more concepts, as listed in Table 1, have to be combined to

reflect a meaningful understanding of the current modern synthesis of Darwinian theory and Mendelian

genetics. This synthesis is often labeled neo-Darwinian understanding. A neo-Darwinian understanding

demands the combining of all three levels of concepts. The neo-Darwinian perspective includes mostly

theoretical concepts (e.g., genes, mutations, gene pool), while the Darwinian theory has mostly descriptive

concepts (e.g., variation, number of offspring, changes in the environment) and both include hypothetical

concepts (e.g., species, natural selection, genetic drift).

Assessment of Meaningful Understanding

The focus on written tests in educational settings assumes that such tests reveal what students know or

understand and therefore, that the test items are reliable and valid. Furthermore, such tests imply that the

student refers to the same context and scientific discourse as the teacher (or researcher) who developed the

Table 1

Basic tenets comprising the multi-level concept ‘‘evolutionary theory’’

Populations (D) have a great deal of variation (D) due to random genetic mutations (T)
Populations produce more offspring than the environment can support (D)
Within an ecosystem (D) there is competition for limited resources (D) and a differential survival among members of the

population (D)
Changes in the environment result in more acute competition for limited resources (D)
Individuals who by chance have some form of variation (D if phenotype; T if genotype), which makes them more suited

to the new conditions have a better survival rate and will leave more offspring (D)
Over a very long period of time the population will change (H) with respect to its appearance (phenotype; D) and its gene

pool (genotype; T)
Over a very long period of time a new species may immerge, if the population is isolated from other populations who have

not undergone this change (H)
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questions. For example, the question ‘‘What is water?’’ can be answered from the perspective of a chemist

who looks at the molecular structure of water, or the intermolecular forces between water molecules. A

biologist might look at water in the context of the water cycle in nature, the physicist might approach water as

an energy source, and the sociologist focuses on the meaning of water in different cultures. Although we can

assume that students in general know in which context they are supposed to answer the test questions

(biology, chemistry, physics, or social sciences), it is debatable whether we can assume that they are able to

‘‘talk science’’ (Lemke, 1990, 1995), or whether they are able to use, in oral or written language, the particular

scientific discourse that is described in the test item. Research conducted by Johnstone and Cassels (1978) and

Cassels and Johnstone (1979) looked at students’ language understanding of multiple-choice questions. This

study demonstrated that even first language speakers had difficulties with a large body of non-scientific and

scientific vocabulary. They either did not know the term or thought that it meant something different than the

appropriate meaning. Another study (Clerk & Rutherford, 2000) examined a 20-item written multiple-choice

test on Newtonian mechanics. A group of nine high school science students were interviewed after they had

taken the multiple-choice test and asked to explain why they chose a particular answer. The results showed

that students who had chosen a false answer representing a misconception often had language difficulties

(e.g., misinterpreted the question text), instead of a lack of scientific understanding. They recommended

giving language in science education more importance by looking at the extent of language interference in the

diagnosis of misconceptions. Although our study is not looking at the presence of misconceptions, the

findings of these studies highlight how important it is to phrase the test items in an unambiguous language and

to use scientific terms that are known to the students.

Multiple-choice and short-answer questions would be appropriate to assess students’ declarative

knowledge including the memorization of scientific terms, but these assessment strategies fall short when

procedural, schematic and strategic knowledge or the ability to talk science is being assessed. While we

can conceptually distinguish between the different types of knowledge, assessment strategies are not

straightforward. Conducting a laboratory activity that compares hominid skulls to find out how facial

features changed as hominids evolved, requires knowing, for example, what ‘‘hominid’’ means. An

assessment strategy for such an activity, which focuses on students’ procedural and schematic knowledge,

supposes that students know the term hominid. Thus, assessment strategies often do not align with discreet

knowledge types and instead imply combining different types of knowledge. The hominid skull laboratory

activity also implies students’ understanding of different types of concepts. While ‘‘hominid’’ falls into the

category of descriptive concepts, evolutionary theory is a multi-level concept including descriptive,

theoretical, and hypothetical concepts assuming students knowledge of all the single concepts that comprise

the theory. As with knowledge types the different scientific concepts are often difficult to categorize and

assess in distinct levels.

The test items upon which we will concentrate in this study are written extended-response questions.

These questions ask students to consider a situation or scenario that is rich in detail, contextualized, and

hypothetical in contrast to other forms of assessment such as multiple-choice, matching or true–false items.

Students have to consider several concepts on different levels (descriptive, hypothetical, and theoretical) at

once, to apply the concepts in a new situation and to synthesize them into a comprehensive answer that

includes all types of knowledge. When formulating an answer to such a question, students not only must have

developed an understanding of scientific concepts, they must also be able to select specific concepts that apply

to the particular test item and combine them ‘‘into an integrated web of meaning’’ (Rivard & Straw, 2000,

p. 568) through appropriate use of scientific language. Thus, the answers to written extended-response

questions have the potential to and should illustrate students’ meaningful understanding and this, in the

context of evolutionary theory as a multi-level concept, is the focus of our study.

Anderson and colleagues’ study (Anderson et al., 2002) assessing college students’ understanding

of evolution suggests a multiple-choice test based on questions within realistic contexts. However the

specific scenarios that were part of their questions provided copious and very detailed information

that we feared would be distracting and overwhelming for high school students. For the participants

in this study (high school students with first formal exposure to the topic of evolution) we are suggesting

that it is more appropriate to use written answers to scenarios involving changes in characteristics of

animals.
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Methodology
Participants

The study was conducted at grade 12 level Biology in two high schools1 in southern Ontario (Canada);

one, Smith Academy, an urban all-boys’ independent school,2 the other, St. Claudia, a suburban Catholic

school.3 Both schools have heterogeneous populations; our participants consisted of students with European,

Asian, African, and South American ancestry. Grade 12 biology classes at both schools were involved in a

research project conducted by the first author, which explored how students’ motivation and interest in

science influences the understanding of science concepts. For the present study, data were used from students’

answers to written extended-response questions at the end of the evolution unit in grade 12. Because not all

students were present on the day of the data collection or had not given their consent to use their school work

for the research project, data from a total of 24 students (7 male and 17 female students) were collected for this

study. The majority of students were from St. Claudia (total of 21) and three students were from Smith

Academy.

Design

All grade 12 biology students were given two written extended-response questions (see Table 2) at the

end of a 25-hour unit on evolution. These questions were modified from studies concerning students’

conceptions about evolution (Bishop & Anderson, 1990; Settlage, 1994) and from similar types of questions

regularly used in assessing students’ understanding of evolutionary theory in the classroom (Blake et al.,

2002; DiGiuseppe et al., 2003; Johnson & Raven, 2001). In a previously conducted pilot study we used

questions that were taken ‘‘as is’’ from studies concerning students’ conceptions (Bishop & Anderson, 1990;

Settlage, 1994). The analysis of students’ answers showed rudimentary and incomplete answers, which often

did not address major components described in the question. Furthermore, these questions lead students to

answer solely on the descriptive level using concepts such as variation and number of offspring (Darwinian

understanding). Based on the results from the pilot study we revised the questions used in the current study

(a) to make them more comprehensible by addressing students directly instead of asking them to image an

anonymous biologist working on an issue as the original question did, and (b) to provide students with

obvious ‘‘hints’’ by the inclusion of key words that would lead them to reflect the multi-level dimension of

evolution (neo-Darwinian understanding) in their answers. For example, in the ‘‘Seal-question’’ students

were asked to incorporate additionally the concepts of mutation and genetic drift, both theoretical concepts

and in the ‘‘Polar Bear-question’’ to include the theory of natural selection, a hypothetical concept.

Students answered the written extended-response questions during regular class time at the end of the

unit on evolutionary theory and without the teacher being present but under the first author’s supervision. No

time limit was imposed and students completed the test on average in 25 minutes. Students were asked to read

the questions carefully, to ask for clarifications if needed, and then to answer the questions using their

knowledge from the unit on evolutionary theory using the space provided (half page) and the back side of the

test page, if necessary.

Prior to administering the questions, the teachers confirmed that based on the content covered in class,

students would be able to answer them, However, just because the teachers told us that they covered the

content (implemented curriculum), we do not know whether students actually learned and what they learned.

Table 2

Written extended-response questions

Seal scenario
Seals remain underwater without breathing for nearly 45 minutes as they hunt for fish but their ancestors could stay
underwater only a couple of minutes. Use the concepts of mutations and genetic drift to explain how the ability to not
breath for long periods of time has evolved

Polar Bear scenario
White hair in animals (such as in polar bears) is due to the absence of a chemical pigment. Biologists think that
ancestors of polar bears had dark fur. Use the theory of natural selection (e.g., directional selection) to explain how
polar bears evolved to have white fur
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Only appropriate assessment tools would provide information about whether students actually learned the

content (achieved curriculum; Tarr, Chavez, Reys, & Reys, 2006). Although it was not the main focus of this

study, the step-by-step analysis of our written extended-response questions should give us information about

whether the implemented curriculum was also achieved.

In order to use test questions that would not change students’ behavior during the test situation and thus

not affect their performance but rather measure what we want to measure (Webb, Campbell, Schwartz, &

Sechrest, 1966), our participants were made familiar with written extended-response questions similar to the

ones that we used in this study, throughout the unit on evolution. Examples of such in-class questions are the

following two scenarios: ‘‘In zoos, lions and tigers can mate and produce fertile offspring. Evidence shows

that lions and tigers lived in the same areas 1000 of years ago, and yet there is no evidence that they interbred.

How can you explain this phenomenon?’’ and ‘‘Consider a cluster of three isolated islands. On the first island,

most of the ground-dwelling animals are gray in color; the second island contains similar ground-dwelling

species but they are mostly brown in color; and on the third island, the same types of animals appear but they

are reddish in color. Suggest an explanation for these observations.’’ Teachers either used these questions

during the class (e.g., in whole class discussions or as group tasks), gave them as a homework assignment, or

they were part of quizzes and the unit test. Based on random checks of the type of homework assignments and

quizzes that teachers used throughout the unit, we presumed that students had sufficient interaction with

written extended-response questions throughout the unit. Thus we assumed that the teacher created a

classroom assessment environment (Stiggins, 1999) with which students were familiar. Although the

teachers’ assessment of students’ answers were different from our multi-step analysis of the written extended-

response questions, based on their own grading system and not on our deep analyses, teachers’ oral and

written feedback had the potential to make students aware of what they had already learned, what they were

able to apply and of areas in which they still lacked the knowledge needed to explain the scenarios fully and

appropriately.

Either directly after they had answered the question or a day later, students were shown their answers to

the written extended-response items in individual interview sessions. They were asked whether they were

satisfied with their answers or whether they wanted to add more information or otherwise change their

answers. Students’ answers were audio-taped and transcribed verbatim. Although students talked about their

answers, the analysis of the transcripts showed that they neither changed nor added more information to their

written answers. We therefore, discarded the interview data for this study.

In addition to students’ answers to the written extended-response questions, we collected samples of

students’ work throughout the unit in order to assess what they have learned. Although teachers had agreed on

a few common assignments and students had agreed to allow us to have a copy of their graded assignments, by

the end of the unit we did not have a critical mass of the same assignments to be able to link individual

students’ answers to the written extended-response questions. Therefore, we decided not to use students’

sample of work as additional measures of students’ understanding of evolutionary theory.

Classroom Context

The unit preceding the data collection focused on evolutionary theory as described in the official

curriculum in Ontario for grade 12 biology (Ministry of Education, 2000). At the start of the research project

none of the participating science teachers had previously taught this particular unit. This was not surprising.

Ontario’s curriculum had undergone a revision based on the reduction of 5 years of high school to 4 years,

which resulted in rearrangement of topics and the integration of new units into the grade 12 biology course.

Prior to starting the research project, the participating teachers familiarized themselves with the new

curriculum on evolutionary theory and then developed, in collaboration with the first author, an approach and

a particular order of topics for the unit (see Table 3). This approach was adapted from a U.S. National

Academy of Science resource on evolution and the nature of science (National Academy of Science, 1998).

The unit was preceded by a unit on genetics and began with a historical overview followed by examination of

various forms of evidence for evolution, exploration of the nature of science in order to provide a context for

mechanisms of evolution, and finally, discussion of some contemporary examples such as population growth

and the construction of phylogenetic trees using DNA evidence.
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As the teachers implemented the unit they used the following agreed-upon teaching strategies, which

emphasized guided inquiry-based, student-centered activities:

� Small group discussions on a variety of topics: For example, students analyzed and critiqued the

theoretical basis for theory building in evolutionary biology; they proposed lineages, and then

given data from DNA sequences they created phylogenetic trees, which they compared to their

proposals.

� Small group activities to develop pictorial representations of concepts: For example, students

represented concepts such as genetic drift and the founder effect using diagrams of imaginary

organism populations.

� Individual written assignments: For example, students wrote short papers on the evolution of

diseases and on readings by Stephen J. Gould.

� Individual textbook-based tasks: For example, students made concept maps to describe their

understanding of the mechanisms and sources of evidence for evolution.

Data Analysis

Drawing on the second author’s expertise in biology and evolutionary biology in particular, we

developed exemplar answers to both questions (see Table 4). We integrated all the expected concepts (e.g.,

mutation, genetic drift or directional selection) in combination with concepts necessary to reflect a

meaningful understanding of the specific evolution of seals and polar bears. The exemplar answers are written

in a way that we would expect student to be able to answer after 2 months of instruction on the topic of

evolution.

We both independently analyzed each student’s response qualitatively using a six-step procedure that we

developed for this study. An example of this analysis is shown in Tables 5 and 6:

Table 3

Overview of topics and description of objectives of unit on evolutionary theory

Topic Description/Objective

Theory of biological evolution
including historical perspectives

Develop an understanding of the history and nature of science, e.g., show
students that scientific explanations must be open to new ideas and criticisms

Introduce students to the individuals who attempted to explain biological
evolution, e.g., Jean Lamarck, Charles Darwin, Alfred Wallace

Evidence for evolution Observe, describe, and evaluate features showing common ancestry from, e.g.,
fossils, anatomy, embryology, and biochemistry

Nature of science as it relates to Read, critically analyze and précis articles in order to:
evolution Correctly communicate scientific methodology and interpretations

Think critically and logically when comparing evidence presented and
explanations given

Develop a questioning mind when reading journals, magazines, newspaper
articles, etc.

Compare and contrast opposing views
Recognize and examine alternative explanations

Mechanisms of evolution Explore possible mechanisms for evolution such as genetic variation and natural
selection

Explore the consequences of interactions within ecosystems (e.g., differential
survival and reproduction) and that population dynamics are constrained by
finite resources through predator–prey simulation

Contemporary examples: Enhance students’ mathematical skills as they investigate population growth of
organisms

Population growth Discuss overpopulation and the implications of current human population
growth on natural ecosystems

Common descent Investigate the evolutionary relationship between apes and humans through
DNA sequences
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(1) Students’ answers were divided into segments reflecting an individual idea. The segments ranged

in length from a phrase to a complete sentence.

(2) In each segment a scientific term was highlighted if stated, or if a term was described the

scientific term implied was named.

(3) Each term or description of term was then classified into one of the three levels of concepts

(descriptive, hypothetical, and theoretical).

(4) Each segment in which the scientific term or description of term appeared was compared to the

exemplary answers (see Table 5) and then classified as either matching part of the answer or not.

If there was a partial match, then what was missing in the particular segment was noted.

(5) Students’ answers were judged holistically and classified as to whether the scientific terms or

descriptions of terms were effectively linked between or among levels of concepts to reflect a

comprehensive understanding. Concepts that were missing were noted. The linking of concepts

on the same level (e.g., only descriptive concepts) is labeled as ‘‘one-concept-level links,’’ the

linking of concepts on two different levels (e.g., theoretical and hypothetical concepts) as ‘‘cross-

concept-level links’’ and the linking of concepts on all three levels (descriptive, hypothetical, and

theoretical) as ‘‘multi-concept-level links.’’

(6) Patterns among students’ answers within each question as well as patterns across questions were

highlighted.

After the individual analysis we compared our coding and discussed and resolved discrepancies. This

discussion/resolution procedure was repeated until the inter-rater agreement reached 95%.

Results

To address our research question of whether written extended-response questions are an appropriate

assessment strategy that allow students to demonstrate their meaningful understanding of evolutionary theory

as a multi-level concept, we used the multi-step process to analyze students’ answers. We examined whether

the answers reflect students’ ability to combine and link all necessary concepts through appropriate use of

scientific language and regardless of the three conceptual levels [descriptive (D), hypothetical (H), theoretical

(T)]. First, we describe the results of students’ answers to each written extended-response question by looking

at each analysis’ steps and second, highlight patterns among students’ answers to each question and across

both questions. Examples of students’ responses will be used to illustrate these results.

Table 4

Exemplary scientific answers to extended-response questions

Seal question
Ancestors of the seals could stay underwater for only a short time, but within this ancestral population there would be
some individuals who were able to stay underwater for a much longer period of time. This ability would be due to a
chance mutation resulting in a ‘‘stay underwater longer’’ gene. This mutation/change in DNA would go unnoticed
unless it became an advantage in a changed environment due to competition for limited resources. For example, if
there was a food shortage and the only available food was to be found very deep in the water, then seals that have the
‘‘stay-underwater-longer’’ gene/mutation would be able to exploit this new food source. Over time, it would be
only these individuals who would be healthy enough to reproduce and at least some of their offspring would have the
‘‘stay underwater longer’’ gene. If a small population of these seals became isolated, by chance, from the rest of
the group then, this example of genetic drift, would result in a population of seals that could stay underwater for long
periods of time

Polar bear question
The ancestral bear population would have had some individuals with dark and some with white fur. (The white fur
would be due to a mutation in the ancestral population that resulted in no pigment being produced.) These bears with
white fur might be rare until there was a change in the environment, such as more snow for long periods of time. In the
changed environment, white bears can hide or be camouflaged in the snow and the white fur is a selective advantage
perhaps because the bears blend into the landscape and can hide from prey, or perhaps because the white fur is thicker
and so the bears are warmer in the cold snow. This is an example of directional selection. Over time other bears would
not be able to compete for resources (food, shelter) with the white ones and would die off. The white bears would
survive to maturity and produce offspring that have the white fur gene (or trait)
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Seal-Scenario

To express a meaningful understanding of the ‘‘Seal-scenario’’ we expected students to use many of the

following scientific terms or a description of these terms reflecting the different conceptual levels: mutation

(T), gene (T), environmental change (D), competition for limited resources (D), change over generations (H),

reproduction or offspring (D), survival (D), genetic drift (H), or variation in the phenotype (D) (see Table 7 for

a summary of terms in students’ answers).

Out of 23 answers (one student out of a total of 24 did not answer this question) 15 included the word

mutation, of which four also included the term genetic drift. Eight answers did not contain mutation but two of

the eight included the term genetic drift. Only 3 students’ answers mentioned either environmental change or

limited resources, 13 used the term survival, 9 the description of the terms reproduction or offspring, 9 the

phrase ‘‘passing on genes,’’ and 14 included the term variation. Based on these results we would expect

students’ answers to reflect a meaningful understanding of the evolution of seals. However, the fourth level of

our analysis showed that although the terms were included, when compared to the sample answer they were

incorporated meaninglessly, most often not even reflecting a factual knowledge based on memorization. For

instance, the terms mutation, genetic drift or ‘‘evolved’’ were scattered into segments of the answer but

mostly not defined, explained, or elaborated upon as seen in the following sample segments of student’s

responses:

The genetic drift of breathing times accommodates the mutation of longer breathing times (male, #8).

The seals’ ancestors may not be able (sic) but the seals may have mutated over time to have that trait

(female, #6).

Well, I believe that seals had to have evolved from some other species of fish (female, #22).

The ability to not breath for a long time has evolved (male, #11).

Even when two or three segments were read together and compared to the sample answer most answers

lacked specific details with respect to the Seal scenario or lacked an explanation of the scientific terms as seen

in the following examples:

The ability to not breath for a long time has evolved because mutations allow populations to survive in an

environment, if there is a change (male, #11).

The seals probably accumulated many beneficial mutations, which made them gradually develop their

breathing habits (female, #21).

Survival of the fittest allows specific mutations to carry through and become common in the population

(male, #10).

These answers reflect an absence of schematic and strategic knowledge, for example, knowing why

mutations lead to variation and increased survival rate and how this knowledge is important for the evolution

of the seals, or how genetic drift changes the gene frequency of a population.

When the answer is read holistically (fifth analysis level) we examined if students’ answers reflected an

ability to combine the different conceptual levels. As our sample answer reflects, many ‘‘cross-concept-level’’

Table 7

Scientific terms or description of scientific terms as they appeared in students’ answers (n¼ 24)

Terms Mutation
Genetic

Drift
Natural

Selection Survival
Selective

Advantage
Gene/
Trait Phenotype

Variation in
Population

Reproduction/
Offspring

Environmental
Change/
Limited

Resources

Question
Seal Scenario 15 6 — 13 0 9 0 14 9 3
Polar Bear
Scenario

2 — 10 13 8 3/4 11 8 9 2

Students’ answers may include one or more of the listed terms or description of terms.
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links are necessary for a complete answer that addresses both the scenario in the question and also reflects a

meaningful understanding of evolution. We specifically asked in the question that students use the concepts of

mutation (T) and genetic drift (H) to explain seal evolution. In order to be able to express an understanding of

mutation, students would need to link in a meaningful way the theoretical concept gene (or genotype) with the

descriptive concept variation (or phenotype). An understanding of genetic drift would require linking of

the theoretical concept of gene or allele frequency with the descriptive concept of population. Out of the 15

(of 23 total) answers in which the word mutation appeared, 10 also included the word genotype or phenotype.

But only one answer out of these 10 reflected this kind of cross-concept-level link of the theoretical concept

‘‘gene’’ with variation (or phenotype), a descriptive concept:

Mutations are also random changes that occur in the DNA of a population. If a beneficial mutation

occurred that allowed the seal to remain under water longer, it would be more successful in hunting

(female, #23).

It would also be necessary for meaningful answers to reflect the cross-concept-level link between

genetic drift (H) and mutation (T). While four of the 10 answers contained both terms, genetic drift and

mutation were linked in a meaningful way in only one student’s answer as shown:

A chance mutation could have occurred in the ancestral species, which somehow affected the amount of

oxygen it could retain (e.g., solubility in blood.). . . As a result, these individuals contributed

proportionally more offspring to the population and the trait become more common. If the population

was small genetic drift could occur and change allele frequencies (female, #19).

Although this student made the link between genetic drift and mutation, the reason given for genetic drift

is incomplete since a small population, although a condition for, is not the reason that genetic drift occurs.

Despite the lack of a fully complete understanding, this answer is the only one that attempts a multi-concept-

level link of population (D), mutation (T), and genetic drift (H).

Out of the 8 (of 23 total) answers in which the word mutation did not appear two incorporate the term

genetic drift but in a manner that is meaningless and out of context as seen in this example:

Eventually seals who can hold their breath become the majority population. Genetic drift favors this type

of seal (male, #12).

To explain the seal scenario meaningfully some basic tenets of evolutionary theory are expected to be

integrated into the answer. After a 2-month instructional unit on evolution, we would expect students to be

able to include that populations have a great deal of variation (D) due to random genetic mutations (T) in their

answers. From our analysis of students’ answers we found that only seven were able to link both concepts,

however, mutation is used descriptively in that there is no mention of the genetic component which makes it a

theoretical concept. The following answers are typical examples of this incomplete cross-concept-level link:

For long swimming seals, the first mutation could have been something that resulted in a larger lung span

or some other effect that would increase the seal swimming times (female, #14).

A mutation may have occurred that caused an increase in lung capacity for the seals (female, #9).

Two answers stated both terms (variation in populations and mutations) but did not link them and

10 stated either one or the other but not both. In four answers the terms did not appear at all.

That populations change in terms of genotype and phenotype over time, is another basic tenet of

evolutionary theory. None of the 23 answers included this tenet in a complete way, although one answer did

combine populations changing with respect to phenotype.

Three students’ answers included another tenet, that a change in the environment (D) and competition

for limited resources (D) are necessary for evolution, but only one of the three answers linked them in a

one-concept-level link:
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The ancestors of the present seals may have had an abundance of fish, thus they only needed a few

minutes of breathing under water. Due to migration of fish or fish loss selective pressures on present

day seals may include to breathe longer under water (female, #13).

This answer demonstrates that the student is aware of the significance of limited resources as a pre-

condition for evolution but gives no mechanism for change and rather implies that the change will occur when

it is needed for survival.

Another tenet that is important for an understanding of evolutionary theory states that individuals who

by chance have some form of variation (D on the phenotype level and T on the genotype level), which makes

them more suited to new conditions (D) have a better survival rate (D) and will leave more offspring (D) and

pass on their genes (T). None of the students’ answers reflected this cross-concept-level link in its entirety.

Yet out of the 23 answers, 10 linked effectively two of the following concepts: survival (D)—offspring (D)

(four answers in a one-concept-level link), and survival (D)—passing on genes (T) (six answers in a cross-

concept-level link). An additional three answers linked all three concepts, however each answer lacked either

explanations of the concepts or the explanation was non-scientific:

The ability to not breath for a long period of time may have happen (sic) over a long time. The seals’

ancestors may not be able but the seals may have mutated over time to have that trait. There could

have been ancestors, which could stay under (water) longer then the rest and they were the ones that

were stronger and passed they genes on to offspring (female, #6).

Seals that could stay under water for longer periods of time got the meals more often. Thus they were

able to survive and breed more often than normal seals. This caused the allele frequency for that

mutation to increase leading to a dominance in longer breathing time alleles (male, #8).

A chance mutation could’ve occurred in the ancestral species, which somehow affected the amount of

oxygen (e.g., solubility in blood). Individuals with this variation would be selected for because this

undoubtedly increased hunting success and thus survival. As a result, these individuals contributed

proportionally more offspring to the population and the trait became more common (female, #19).

From the remaining 10 (out of 23) answers, six included survival on the level of individual seals and not

as a selective advantage for future generations, and 4 answers made no mention of any of the terms survival,

offspring or passing on genes.

In summary, the complex six-step analysis of the Seal-question demonstrated that students’ answers

state key terms necessary to explain the seal evolution but these terms are often not explained, elaborated

upon or put into the context of the particular scenario of the question. While this suggests a lack of meaningful

understanding, the results of the holistic text analysis with respect to combining and linking concepts of

the same and of different levels reveal that in the vast majority of answers one-concept-level linking,

cross-concept-level linking as well as multi-concept-level linking are absent. However, the wording of our

extended-response questions demanded students to combine and link concepts. Before we discuss why

students seemed to lack this ability, we will give an overview of the results of the analysis of the second written

extended-response question, the Polar Bear scenario.

Polar Bear Scenario

As in the seal scenario, we expected that to show a meaningful understanding of the ‘‘Polar Bear’’

scenario, students would use many of the following scientific terms or a description of these terms, reflecting

the different conceptual levels: mutation (T), gene (T), environmental change (D), change over generations

(H), selective advantage (H), survival (D), reproduction or offspring (D), competition for limited resources

(D), or variation in the phenotype (D) (see Table 7 for a summary of terms in students’ answers). Only 2 out of

24 answers showed the term mutation or a description of it; the term or description of survival is seen in 13 out

of 24 answers, selective advantage appeared in 8, the term gene is seen in 3 and the term trait in 5 out of

24 answers. Nine out of 24 answers either included the terms or the description of the terms reproduction and

offspring, but only 2 out of the 24 answers showed the term environmental change. The question also asked

students to explain the evolution of white polar bears from brown ancestors using the theory of natural

selection (H), thus we expected students to either include the term or a description of this term. Out of
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24 answers 10 showed natural selection; 8 out of the 24 included variation in population, a notion that is part of

the theory of natural selection; 11 described a phenotype; and 5 answers had nothing related to either. Based

on the frequency of the appearance of terms in the answers, we would assume some meaningful

understanding of the polar bear evolution. Yet, analyses of the segments in which these terms appear (fourth

level of our analysis) revealed that most terms are not explained or elaborated upon and often are included in

the text meaninglessly. One example is natural selection. Only 3 out of the 10 answers in which the term

appeared provided an explanation as the following example demonstrates:

Therefore, natural selection tells us that the population slowly eliminated the darker haired ancestors

and the ones with light hair or white hair survived to reproduce and pass on this trait to their offspring

(female, #23).

In students’ answers that showed the term, it was dropped into the text without further explanation as

seen in the following examples:

The dominant colour became white because of natural selection (female, #4).

Natural selection for white fur may have begun when there were dark furred animals, in the artic for

example (female, #14).

Theory of selection and directional selection may have caused the absence of pigmentation in present

day polar bears (female, #13).

Another example is variation in a population. Out of the six answers in which this description appeared,

five of them gave no reasons for the variation (mutation), either in the segment in which the description

appeared, or in the combination of two or three segments as the first two examples show, while the third

example is the only answer in which mutation is mentioned as the source of variation:

Although the ancestors are believed to have dark fur, the fur probably varied in darkness (female, #15).

The ancestors were thought to be dark furred, and over the years polar bears have lost their pigment

(female, #1).

This would have occurred because a mutation might have occurred, which caused the light color of the

fur (female, #16).

Out of the 13 answers that included or described the term survival, four gave no reasons for survival, for

example:

As more and more white-furred polar bears are born, these are the ones that survived (female, #20).

The white hair is useful, so that the selection will have more white hair (male, #2).

This situation also involves survival of the fittest (male, #10).

When survival is explained then the reasons given referred to hunting, hiding from predators (although

this concept of prey–predator is reversed), or being camouflaged:

These polar bears wouldn’t be able to catch food or hide from hunters, so they would die off. The polar

bears with white fur would survive (female, #5).

The animals with dark fur would be at greater risk with predators, causing white fur to prevail

(female, #9).

If a polar bear had dark fur in a snow covered environment they could not be able to camouflage

themselves against human predators or the prey they need to survive (female, #23).

As in the seal question these answers reflected an absence of schematic knowledge, which indicates

‘‘knowing why.’’ For example, the answers did not reflect the knowledge that in order for natural selection to

occur there must be a pre-existing variation in a population and that in such a population a white haired bear

might have an advantage over a brown one.
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The examination of the answer holistically focused on the ability to link concepts on different levels. As

seen in our sample answer (see Table 4), we expected students to cross-link concepts on different levels. We

particularly asked students to use the concept of natural selection (H), which could result in a Darwinian

perspective as a minimum answer or potentially in a neo-Darwinian perspective from some students who

included genetic factors in their answer. Although each perspective was taught, we would anticipate students’

answers to reflect different cross-concept-level links, depending on which perspective they were using. The

neo-Darwinian answers would include genetic factors [mutations (T), or changes in gene pools (T)], while the

Darwinian answers would include inheritance of traits (D). More specifically, cross-concept-level links such

as mutation (T) with variation (D) might appear in a neo-Darwinian answer and selective advantage (H) with

change in the environment (D) might appear in a Darwinian answer. Additionally, the answers are expected to

reflect a multi-concept-level link such as linking directional selection (H) with competition for limited

resources (D) and offspring with the favorable gene (T) in a neo-Darwinian answer but the concept of

favorable gene might be substituted with favorable trait (D) in a Darwinian answer.

The neo-Darwinian cross-concept-level link ‘‘mutation-variation’’ did not appear in any of the

24 answers. Instead a variety of answers demonstrated a descriptive one-concept-level link such as

‘‘variation-survival’’ (three answers), or ‘‘variation-offspring’’ (two answers), or ‘‘variation-survival-

passing-on-trait’’ (nine answers). The answers below show this one-concept-level link:

Polar bears could have evolved to have white fur if one of its ancestors had white fur. That bear with the

white fur could have passed that trait down to other bears and so on and so forth until there were a

whole new species of white bears (male, #24).

Early polar bears would stand out and be more susceptible to predators. White fur became more efficient

as it allowed them to blend with the snow, thus causing the trait to filter through the population

(male, #10).

These answers also illustrate, as we found in most students’ answers, that a variation in the population of

bears is implied but not explicitly expressed.

Four out of the 24 answers reflected a descriptive-theoretical cross-concept-link such as ‘‘variation-

survival-passing-on-genes/alleles,’’ which is seen in the following examples:

The ancestors to the Polar bear with lighter fur were less visible in the snow than those with dark fur. The

dark ones were hunted and killed, not passing on their genes. The dominant colour became white

because of natural selection (female, #4).

Most likely, when the polar bears migrated to Artic lands, they needed more camouflage to survive

predators and to hunt. Those polar bears, which were dark, didn’t fit into the environment and thus,

were easy prey/hungry. This led to a higher survival rate for white polar bears and more common

appearance of white fur. White hair alleles were passed on more than dark hair, thus nature

‘‘selected’’ the white polar bears to become common (male, #8).

The last answer is also an example of a multi-concept-level link because it links the concept of selective

advantage, which is hypothetical, with the theoretical concept of alleles and the descriptive concepts variation

and survival. Two other students’ answers showed this link.

Finally, we saw three answers with the multi-concept-level link mutation (T), variation (D), and

selective advantage (H), of which two are shown below:

This would have occurred because a mutation might have occurred, which caused the light color of

the fur. The environment would have favoured and the mutation might have been beneficial. So,

the dark-fur polar bears went extinct and the light-furred polar bears reproduced successfully

(female, #16).

The polar bear first of all usually lives in places where most of the year is covered in snow. Therefore, if a

mutation occurred that a polar bear was white-furred, then it would be able to camouflage better from

mankind, who was not always there. As more and more white-furred polar bears are born, these are

the ones that survived and natural selection put pressure on the dark-furred polar bears, until these

were extinct (female, #20).
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The last answer states a snowy environment as the habitat of the polar bears’ ancestors, which is then

linked to a selective advantage. We found this descriptive-hypothetical concept link in altogether 9 out of

24 answers. However, stating the environment is not sufficient for an evolutionary understanding, we

expected the cross-concept-level linking of change of environment (D) with selective advantage (H). We

found only four answers, which linked these two concepts as shown in the example below:

The ancestors of polar bears probably had dark fur because they didn’t live in the same environment.

But a change in their habitat or migration to a colder climate would cause the population to

experience the pressures of directional selection where one extreme variation is favoured over the

current population average. Thus, the trait for white fur was selected for and became more numerous

as the bears were more successful (i.e., hunting success was the result of being able to camouflage in

the presence of prey.) (female, #19).

The other 11 answers either make no link at all (9 answers), or link selective advantage with an

unspecified environment that causes the change (2 answers).

In summary, the analysis of the polar bear scenario demonstrated that students integrated key terms in

their answers but these terms were often not explained, elaborated upon or put into the context of the scenario.

The results of the holistic analysis of the text confirmed this result. While a meaningful understanding would

combine various types of cross-concept-level and types of multi-concept-level links (see sample answer in

Table 4), none of the students’ answers demonstrated this. Instead a majority of answers showed one

descriptive one-concept-level link and a few students’ answers had either one type of cross-concept-level link

or one type of multi-concept-level link but never multiple types of links in combination.

Commonalities and Differences

The comparison of students’ answers across both scenarios showed some patterns common to both

answers. First, a majority of answers included the following descriptive concepts: individuals vary from one

another; a trait or variation may result in survival; and producing offspring, mating or reproduction are

important. However, most answers lacked reasons, which would demonstrate meaningful understanding of

the seal or polar bear evolution. In the first instance, variation (D) should be attributed to random mutations

(T) and also described as existing within a population. When describing a trait (D) as resulting in survival (D)

then the conclusion that a favorable trait results in a selective advantage (H), which then leads to survival,

needs to be included. The notion of reproduction, mating or producing offspring (D) is only complete when

the answer includes that the favorable trait (D) or gene (T) is passed on to the next generation (H). This

absence of reasons and the persistence of descriptive-level-concepts in isolation indicate that students lacked

schematic knowledge. They cannot explain ‘‘why,’’ which only would be given through linking concepts that

are descriptive with concepts which are theoretical or hypothetical. This pattern also demonstrates the lack of

linking a theoretical concept with a hypothetical concept.

A second common pattern found in students’ answers to both scenarios is the absence of time as a factor

in evolution. This factor could be expressed in a phrase such as ‘‘over generations,’’ which would be a

hypothetical concept, or would be implied in concepts such as genetic drift (H), yet it is seldom mentioned.

Another pattern showed that almost none of the answers included the basic tenet that evolution happens at the

level of the population’s gene pool (T) but rather focused on ‘‘individuals changing.’’ Both patterns underline

that almost all students omit hypothetical and theoretical concepts that are key to a meaningful explanation of

evolutionary theory.

Another commonality in most answers to both scenarios is the absence of the basic tenet that changes in

the environment or environmental pressures (D) result in competition for limited resources (D). Many of the

polar bear answers included a description of the environment or the habitat as a sort of back-drop within which

evolution happens but most omitted the influence of a change in the environment. In contrast, only a few of the

seal answers included any mention of the environment but several did explain the competition for limited

resources (usually expressed as limited food or limited fish) as a factor or driving force in seal evolution

but none of the answers explained this in the necessary context. Again, the ‘‘why’’ is missing in both sets of

answers.
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In order to show a meaningful understanding of evolution of seals or polar bears, multi-concept-level

links (H-D-T) are necessary. However, we found only a few students’ answers reflecting such links; the

majority of answers lacked them. Instead we found that some answers link either theoretical with descriptive

or hypothetical with descriptive concepts.

In summary, our results demonstrate the dominance of linking descriptive concepts, some cross-

concept-level links such as T-D and H-T, few multi-concept-level links (T-D-H), and the avoidance of linking

hypothetical concepts with theoretical ones. Furthermore, scientific terms that were often combined did

not represent meaningful linking because reasons, explanations or the ‘‘why’’ needed to show schematic

knowledge were missing.

Discussion

The written extended-response questions required students to link various theoretical concepts such as

mutation or genotype with the hypothetical concepts genetic drift or natural selection or with descriptive

concepts such as variation or change in the environment. For example, in the seal scenario students were

expected to describe the process of seal evolution linking the concepts of genes (T) and mutations (T),

population (D), survival (D) and passing on genes (T) or the concepts of gene (T), population (D), genetic drift

(H), survival (D), offspring (D). Similar links were expected in answering the question of the evolution of the

polar bears. The multi-step analysis demonstrated that many of the students’ answers were adequate when

linking or explaining descriptive concepts (D) such as the notion of survival and offspring. This result is in

agreement with Lawson and colleagues’ findings (2000) that students had the least problem with descriptive

concepts. But in contrast to Lawson and colleagues’ results (2000), our students had more difficulties in

comprehending hypothetical than theoretical concepts. While Lawson and colleagues assessed students’

demonstration of factual knowledge, our study went beyond this and assessed for students’ demonstration of

meaningful understanding, which includes all knowledge types and which is expressed through linking

concepts on different levels. Our results showed that students not only had difficulties explaining theoretical

and hypothetical concepts thus, demonstrating limited factual knowledge, but also for the majority, the

linking of concepts on different levels was most challenging, which indicates a lack of procedural and

schematic knowledge.

The integration of concepts such as mutation and genetic drift in the seal scenario and natural selection

and directional selection in the polar bear scenario demanded specific cross-concept-level and multi-concept-

level links instead of explanations of discreet concepts. While students were not able to fulfill these specific

expectations, their answers did contain links, although most are scientifically meaningless or are solely on the

descriptive level, which means that they only stated information that can be deducted from the question. Thus,

students knew that they were supposed to link concepts in their answers.

Most students earned either an A or a B for this unit on evolutionary theory. The grade was based on

various assessment strategies such as tests, quizzes, and written assignments. The tests and quizzes were a

mix of multiple-choice questions, short answer questions, essay questions that included written extended-

response questions, and problem-solving. The written assignments ranged from laboratory activity reports

to position papers on issue-based topics (e.g., Tuberculosis: An evolving disease) to answers to probing

questions related to the history of evolutionary theory (e.g., the controversy of Wallace, Darwin and

Lamarck’s positions). Overall, assessment strategies addressed all four knowledge levels: factual,

procedural, schematic, and strategic knowledge, although not necessarily in one single assignment.

Students’ final grade in the course was consistent with their grade for this particular unit. According to the

grades given by their classroom teacher, these are competent students who for the most part have done well in

both the unit on evolutionary theory and in the grade 12 biology course. There seems to be a discrepancy

between students’ grades, which we assume reflect the existence of meaningful understanding, and students’

answers to our questions. Our test items were in coherence with the general classroom assessment

environment (Stiggins, 1999); students had the opportunity to practice similar written extended-response

questions throughout the unit on evolutionary theory and thus, were familiar with this type of assessment tool.

However, they seemed less able to fully and meaningfully transfer the knowledge they had gained from

previous practice when answering the questions in our study. Research on transfer is in disagreement as to
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whether and when transfer is possible (for an overview see Barnett & Ceci, 2002). Based on Barnett’s and

Ceci’s (2002) taxonomy for far and near transfer nine key dimensions (learned skill, performance change,

memory demands, knowledge domain, physical context, temporal context, functional context, social context,

and modality) should be considered in order to assess the likelihood for transfer. Although analyzing our

study in the context of this taxonomy goes beyond its scope, it seems that the majority of dimensions did not

change with the exception of the functional context. While students were given written extended-response

questions throughout the unit on evolutionary theory either as homework or in tests that the teachers used as

part of their unit assessment, for our study students answered the items voluntarily and without the pressure

of being evaluated. Barnett and Ceci (2002) suggest that differences in functional contexts may

‘‘be accompanied by a difference in motivation, which could explain some of the performance difference

found’’ (p. 623).

It seems too simple to conclude that our group of students did not have any understanding of

evolutionary theory. The detailed multi-step analyses of their answers showed that they had some kind of

understanding but the demonstrated understanding seemed to lack the strategic knowledge that would allow

students to employ and apply their knowledge of evolutionary theory in the context of our questions.

Furthermore, the revision of the questions did not have the expected effect. The integration of hints such as

genetic drift, mutation or natural selection did not help them to use their knowledge of these concepts in

explaining the seal or polar bear evolution. Instead, it seemed to cause students to regurgitate factual

knowledge based on memorization as illustrated by the inclusion of disconnected scientific terms in their

answers. With respect to our research question whether written extended-response questions are suitable for

students to express their meaningful understanding of evolutionary theory, we have to conclude that these

particular questions were suitable to express students’ factual and procedural knowledge about evolution. But

for our participants these types of questions seem to be less suitable to express schematic knowledge

(knowing why) and in particular, strategic knowledge (knowing when, where, and how to employ knowledge)

and thus, a meaningful understanding of evolutionary theory.

Furthermore, the analysis of students’ answers unveiled that students lacked the ability to create a

hypothetical history explaining the seal and polar bear evolution. This is particularly evident in the absence of

the notion of environmental changes resulting in limited resources and/or selective advantage. Instead,

students pre-assumed an environmental change by stating for example a snowy environment or they ignored

this notion entirely. The written extended-response questions did not ask explicitly for the creation of such a

hypothetical history but this expectation was implied and we assumed that students knew what they had to do.

The questions assumed that students had the strategic knowledge of when and how to describe the

evolutionary history of the seal and polar bear. It seems that referring in the questions to certain processes such

as mutation and to different mechanisms such as genetic drift or directional selection that result in evolution,

was not sufficient to guide our group of students towards a scientifically appropriate answer, which would

demonstrate the different levels of knowledge that they may possess. Similar to Clerk and Rutherford’s study

(2000) our students had difficulties identifying the intent of the question that our sample answers reflected.

Rather than using the wording as a guide and a reminder of key ideas or concepts that the answer should have,

students focused their answer on specific details to the exclusion of the ‘‘big-picture’’ and to the exclusion of

connecting specific details necessary to explain a complex theory. For example they gave answers that

included the term mutation but provided little more in terms of evolutionary theory. They did not use the

concept of mutation as a starting point that would logically take them to describe how mutations lead to

variation in a population and how variation confers differential survival to those individuals who have a

favorable variation in a particular environment.

Although the two questions (the seal and the polar bear scenarios) focused on concepts (mutation and

genetic drift versus natural selection) that students were supposed to use as a springboard to explain the

animals’ evolution, most students ignored them and instead used other simpler concepts for example that

reproduction and survival are important. This is particularly curious in the polar bear scenario in which the

mechanism of natural selection is named but ignored even when it could explain how reproduction leads to

differential survival resulting in changes in populations over long periods of time. This is another example of

students’ lack of strategic knowledge; they have omitted ‘‘when’’ to include important concepts and ‘‘how’’

to include them.
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Conclusions and Implications

The results of our study demonstrated that answering written extended-response questions on

evolutionary theory meaningfully is complicated. Although our participants had practice in answering

questions similar to the ones used in our study during the unit on evolution, they did not answer them as

expected. Students were able to make a few one-, cross- and multi-concept-level links but not generally at the

level of sophistication needed to create answers that mirrored our sample answers. Our study is purely

qualitative and therefore, we cannot make inferences regarding a general efficacy of written extended-

response questions as assessment tools for meaningful understanding. However, we want to stress that these

types of assessment tools are commonly used in science classrooms and thus, a practical application for

teachers is to be aware of cognitive demands and the subtext in the questions necessary for answering them.

To increase the quality and quantity of links between concepts on different levels that are necessary for

demonstrating a meaningful understanding of evolution, students need

(a) to have an understanding of major concepts that comprise evolutionary theory;

(b) to know how to link these concepts meaningfully;

and in order to apply this understanding to the questions, they need;

(c) to possess cognitive strategies that allow them to decode the text for implied hints and directions.

The latter would include knowing what to do, why to do it, how to use given concepts as a springboard for

the development of an appropriate answer, and when and how to employ additional information (e.g., a

hypothetical history) that may not be provided in the question but are necessary for a meaningful explanation

of evolution. Students need to learn these cognitive strategies in personally meaningful contexts (Mayer,

1998). Rather than learning strategies in isolation or context independent, we propose a step-by-step

approach embedded in classroom tasks that interest and motivate students to practice these strategies.

Teachers should guide their students through the reading and decoding of questions and also of deciphering

each specific cognitive strategy that is being used in the different steps. For example, in both of our questions

the word ‘‘ancestors’’ implies the importance of time as a factor in evolution, and the phrase ‘‘use the concept/

theory’’ is not synonymous with ‘‘include the term,’’ instead it is a hint that the actual concepts should be

integrated in the answer meaningfully. Students of course, need to know what ‘‘meaningfully’’ means. Thus,

the teacher has to demonstrate the linking of individual concepts on different levels that comprise a more

complex concept such as mutation or genetic drift. Doing this will make students aware of specific cognitive

strategies and will help them to acquire the tools for linking and transferring knowledge, therefore developing

strategic and schematic knowledge (Alexander, 1997; Pintrich, Marx, & Boyle, 1993). Pintrich (2003)

suggests that when students use specific cognitive study strategies they are more involved with the content,

which leads to more knowledge acquisition, which is an important pre-condition for developing a meaningful

understanding of such a multi-level concept as evolution.

The teachers in our study used a curriculum that was mostly based on the materials recommended by the

National Academy of Science (1998) and their instruction was based on guided-inquiry principles. This

approach stressed major concepts of evolutionary theory; incorporated historically rich materials that have

been identified as effective for developing an understanding of Darwinian evolution (Jensen & Finley, 1996);

and gave students ample opportunities to instrumentally use the knowledge instead of merely passively

perceiving it, for example by working on various contextual tasks such as created phylogenetic trees or

discussing the evolution of diseases (Rudolph & Stewart, 1998). Despite its depth, the results of our study

indicate that this approach needs improvement in order to fill the gap of students’ knowledge in areas such as

the ability to create a hypothetical history for animal evolution or to realize that evolution happens at the level

of the population’s gene pool. Passmore and Stewart (2002) stress the importance of working on data-rich

hypothetical and real cases, which provide students with a rich context to discuss concepts such as variation

and differential survival and in particular, to use those concepts to explain changes in populations over time.

Catley (2006) argues for the integration of more macro-evolutionary topics such as issues of bioethics, human

origins or cloning into the teaching of evolution. While such topics might increase students’ motivation and
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thus their engagement in the learning of such concepts, we agree with Catley that further research is necessary

on ‘‘students’ understanding of challenging macro-evolutionary concepts including species, deep time,

natural hierarchy, character evolution, extinction, and evidence of monophyly (synapomorphy)’’ (p. 781).

Besides modifying the curriculum by stressing deeper understanding of specific concepts and their use

in real and hypothetical cases, current research emphasizes considering students’ personal epistemological

views about science and evolution (Ingram & Nelson, 2006) as well as their religious beliefs (Anderson,

2007) when teaching about evolution. Deniz, Donnelly, and Yilmaz’s (2008) finding of the importance of

multivariate factors in explaining the variance in accepting evolutionary theory among Turkish pre-service

teachers demonstrates the complexity of this topic. Evidently, more research is necessary to develop and

assess teaching approaches that consider students’ worldviews and factors influencing their views in relation

to the development of meaningful understanding of evolutionary theory, and the latter being assessed using

written extended-response questions.

Notes

1Both schools were given pseudonyms in order to assure confidentiality.
2Independent schools in Ontario are governed by the Ministry of Education, and charge tuition fees.
3Catholic schools are governed by the Ministry of Education, are publicly funded and no tuition is charged.
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