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FACE

Science education reform as cutlined in the National Science Education
Standards (NRC, 1996} emphasizes the importance of active learning. Teaching for
understanding requires performances or the production of artifacts that demonstrate the
connections leamners make between concepts. Yet, the range and nature of these tasks in
specific science contexts are not well understood. The issue becomes more complex
when students are offered choice in “what” or “how” they will represent content
understandings. Therefore, analysis of student work in artifacts is important in order o
determine their overall educational value, identify misconceptions or gaps in conceptual
understandings, and assess students’ achievement levels.

This study examined student generated artifacts produced over the course of an
18-week project. This study is significant because: 1) It provides a rich description of
inter-disciplinary scientific understandings as demonstrated in student work, 2) it
provides data on what understandings may be demonstrated in different forms of
artifacts; and 3) it tests the feasibility of using the Srandords as an assessment tool for
multiple representations of student understanding in flexibly designed assessments in

extended projects.
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The National Science Fducation Standards (National Research Council “NRC”,
1996) present an exciting vision for science education that emphasizes scientific literacy.
They cutline what students need to know, understand, and be able to do to be
scientifically literate at different grade levels. In this vision, students are active learners
who use inquiry to explore authentic problems within a community of scientific practice
and who create products (e.g. examinations, journal notes, written reports, diagrams, data
sets, physical and mathematical models, and collections of natural objects) to represent
their emergent understandings (NRC, 1996).

The Standards' claim to be criteria by which to judge quality: the quality of what
students know and are able to do and criteria to judge progress toward a national vision of
learning and teaching science (NRC, 1996, Ch 5). Assessment in terms of the Standards
is viewed as a primary feedback mechanism for implementing this vision of science
education (NRC, 1996, Ch 5). Vet, because of the different roles students are expected to
take and the different types of work they are expected to produce, educators may find it

challenging both to assess student achievernent and to communicate student achievement

' “Standards” will often be used throughout this document in reference to the National
Science Education Standards (NRC, 1996).
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effectively to educational stakeholders (i.e. colleagues, parents, administrators,
researchers, policy makers, etc).

In this study, [ employ the content standards in the National Science Education
Standards (Chapter 6, NRC 1996) as an assessment tool to characterize students’
scientific understandings demonstrated in selected artifacts. I also propose the Standards
as a tool to communicate student achievement, providing a language to describe student
achievement across different types of student work, time, and contexts.

I begin in chapter two by defining the construct “understanding” and give
examples of different understanding frameworks that are useful in science education. [
also describe constructivist pedagogy and present one program, Project-based Science,
which is based upon principles embodied in the Standards thought to support the
development of understanding (Blumenfeld, et al., 1997; Blumenfeld, et al., 1991,
Krajcik, et al., 1999). I then describe a semester long inquiry of a stream ecosystem and
associated student artifacts enacted in the ninth grade. Because the Standards claim that
inferences about students’ understandings of the natural world and their ability to inquire
“can be based on the analysis of performance in the science classroom and work
products” (Ch 5), these students’ artifacts were used to identify and characterize students’

scientific understandings.

Significance of this research

Constructivist based instruction in which students carry out extended inguiry and
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produce concrete representations of their understandings (artifacts®) is thought to have the
potential to enbance deeper understanding because students need to acquire and apply
information, concepts, and principles to a question or problem that is grounded in their
every-day-world. However, existing research shows that the changes in science education
called for by Standards are difficult to put into practice, create dilemmas and challenges
for teachers, require changes in teachers’ values and beliefs, and often demand new
student roles and different kinds of student work (Anderson & Helms, 2001 ; Blumenfeld,
et al., 1957).

Although the types of inguiry based learning environments called for by the
Standards are thought to promote robust understandings, the difficulty in creating these
environments and in characterizing the types of understandings these environments are
thought to develop (Blumenfeld, et al., 1997) means we do not have sufficient evidence
to support a claim of robust understanding. Exactly what students learn, in terms of depth
and breadth of scientific understandings and proficiency in the Standards, has yet to be
established. This lack of evidence has been identified as a major gap in the research base
of the science reform movement (Anderson & Helms, 2001).

A reason we lack evidence about the kinds of understandings that learners can
develop in these environments has to do with the complexity of creating the classroom

environments when students can carry out these types of investigations. Furthermore,

* In this paper, I use the term “artifact” as a synonym with “product” to denote shareable
and critiquable externalizations of learners’ cognitive work. However, the everyday
usage of the word “product” connotes a final, often unchanging manifestation. |
preferentially use the term artifact because it recognizes even “final products” as
intermediate expressions of emergent states of understanding subject to revision and
improvement as student understandings develop.

3
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research of outcomes in these types of environments require atiention to the entire
complex context: curriculum content, particular instructional practice, the educational
goals pursued, the assessment practices employed, the prior conceptions of the students,
etc. (Anderson & Helms, 2001). Prior research has tended {o focus on small pieces of
scientific understanding and has been constrained by traditional notions of objectivity,
reliability and validity. Limitations in our current knowledge of student outcomes are
elaborated in the next section in the context of classroom environments, children’s ideas

in science, and issues of assessment criteria.

Classroom enviro enis

QOur current understandings of student outcomes in constructivist classrooms is
limited because a constructivist approach is still relatively new to classroom practice; and
empirical research has addressed only limited aspects of this type of classroom learning
and motivation (Roth, 1994, Blumenfeld, et al, 1995; Anderson & Helms, 2001; Keys &
Bryan 2001). Several research collaborations bave attempted to build these types of
learning environments in science classrooms (e.g. Blumenfeld, et al., 1991; CTGYV,
1992b; Edelson, 1997; Krajcik, et al., 2000; Linn & Songer, 1991b; Roth, 1995;
Schauble, et al., 1995; Songer, 1996). Initially, many of these interventions {o enact
constructivist theories in classrooms and the evaluation of student outcomes were
conducted on a scale of a few classroom hours to a few weeks. Few studies have
researched the effects of long term, 9-week quarters, semesters, year long or multi-vear
interventions. Furthermore, ouicomes of these interventions have often been assessed in
the first or second cycle of enactment rather than later when they have become more
integrated into the classroom environment. In addition, research points to the difficulties

4
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teachers face as they attempt to change their practice. Anderson and his colleagues’
(1994) review of the research in this area shows that changes of the type called for in the
Standards are very difficult to put into full practice and where attempted, generally fall

far short of the mark.

In addition, the constructivist interventions have mainly occurred in elementary
(e.g. Brown, Ash, Rutherford, Nakagawa, Gordon, & Campione, 1993; Brown &
Campione, 1991; Brown & Campione, 1994) and middle school classrooms (e.g.
Krajcik, et al., 1998; Linn & Songer, 1991a; Lion & Songer, 1991b; Schauble, et al.,
1995; Songer, 1996) with fewer studies in the high schools (e.g. Roth, 1994; Roth, 1995;
Crawford, 2000; Schneider, et al.; 2002). There is a need for more studies of classes
implementing science reforms in the public high schools (Anderson & Helms, 2001;
Keys & Bryan, 2001).

One instructional approach congruent with the call for reforms and constructivist
theory is Project-Based Science (PBS) (Blumenfeld, et al., 1991; Krajcik, Blumenfeld,
Marx, Bass, Fredricks, & Soloway, 1998; Marx, Blumenfeld, Krajcik, & Soloway, 1997)
in which students carry out investigations and create representations of what they learn.
In the PBS approach, students design investigations and produce artifacts around sub-
questions related to an overall driving question. These investigations may involve text
related research, scientific inquiry, computer modeling, community surveys, etc. The
representations, or artifacts, that students create as products of their investigations include
research reports, physical representations of ideas, computer models, and hypermedia-
documents. As students carry out investigations and build artifacts, it is thought they

engage in the kinds of thinking and learning (e.g., explaining phenomena, interpreting
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data, and solving problems; Perkins, 1986} advocated by science education reformers.

However, the nature of their understandings needs additional research.

Research on Scientific Understandings

Educational research has often limited the exploration of children’s ideas in
science to single or discrete concepts rather than exploring students” understandings of a
complex domain area {concept vs. conceptual ievels of understanding). Furthermore,
much of this research in science education has been conducted in the physical sciences
(e.g. Osborne & Freyberg, 1985, Summary in Table 1.1; Linn & Songer, 1991b; Roth,
1995; Songer, 1996) and much less in the biological sciences. In ecology, research has
been done on students’ knowledge of nutrient cycles (Hogan & Fisherkeller, 1996;
Leach, Driver, Scott, & Wood-Robinson, 1996a); food webs (Leach, Driver, Scott, &
Wood-Robinson, 1996b); acid rain (Brody, Chipman, & Marion, 1988/89) and pollution
(Brody, 1990/91). Again, these are studies about discrete concepts rather than a
conceptual undersianding of an ecosystem and all the relationships thus entailed.

Many studies use an “objective” instrument such as normative or standardized
assessments {e.g. Schneider’s, et al. (2002) use of the NAEP instrument) or other a priori
instrumentation. Often these instruments are used as a pre/post test type of measurement
and are constrained by psychometric standards of validity and reliability. In
constructivist learning environments, this method of using pre-constructed pre- and post-
tests may not adeguately capture the range of developing vnderstandings that occur when
students pursue different lines of inquiry and/or create a variety of artifacts, especially if
students demonstrate deeper understandings in certzin parts of the curriculum or draw
unanticipated links to other content. Consequently, additional or alternate forms of

6
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assessment may capture a wider range of students’ developing understandings and offer
alternatives to some of the psychometric criterion of objectivity, reliability and validity.

The modes of learning called for in the Standards imply new roles for the students
in terms of designing investigations, processing information and engaging in such mental
processes as interpreting, explaining, and hypothesizing. The student roles described in
the Standards iraply: (1) that students will direct much of their own learning, including
designing and directing various tasks, (2) that these tasks will vary among students, and
(3) that these tasks will emphasize reasoning, reading and writing for meaning, solving
problems, building from existing cognitive structures, and explaining complex problems.
The range and nature of these tasks in various specific science contexts are not well
understood: “in fact, there is a dearth of studies on desired student work” (Anderson &
Helms, 2001).

Instead of or in addition to a priori instrumentation, alternative methods of
assessing student understandings, methods that are consistent with constructivist theories
of learning and the types of understandings promoted by the Standards, should be
employed. In science education, such assessment tasks would require students to apply
scientific knowledge and reasoning in real world contexts as well as in situations that
approximate how scientists do their work (NRC, 1996 Chap 5). A few studies (Spitulnik,
1995; Spitulnik, et. al., 1996; Stratford, 1996} have examined student understandings
exhibited in discrete artifacts (dynamic models, hypermedia documents, etc.) but not
across a series of artifacts designed as assessments to represent understandings across a

semester or yearlong curriculum.
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In addition, it is difficult to compare outcomes reported in one study with those in
another as much of the prior research has not described student outcomes in terms of a
common frame of reference. By using the Standards as a frame of reference, information
generated from alternative modes of assessment applied locally can have common
meaning and value in the larger community, despite the use of different assessment
procedures and instruments in different locales (NRC, 1996 Chap 5). This contrasts with
the traditional view of educational measurement that allows for comparisons only when
they are based on parallel forms of the same instrument.

In summary, this study addresses some of the gaps in the research literature
identified above and by recent calls for research (e.g. Anderson & Helms, 2001; Keys &
Bryan, 2001). The study is situated in a public high school where the teachers were
initiators and co-designers of a science curriculum that had already implemented many of
the classroom innovations that are also recommendations of the Standards. This study
employs both a priori instrumentation and alternative modes of assessment grounded in
student work to examine the breadth and depth of student understandings of a complex
system, the ecosystem of a creek. In the next section, I provide an overview of the

research design.

Research Design

This study was an investigation of the breadth and depth of scientific
understandings acquired by students engaged in extended inquiry around a creek in well-
established project-based science classrooms at the secondary level) (Huebel-Drake,
Finkel, Stern, & Mouradian, 1995). The 18-week curriculum had been piloted five years
previous to this study and had undergone several cycles of refinements by the teachers in

8
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collaboration with university-based researchers. The guiding question for this study
was:
What scientific understandings do students develop in a learning
environment in which they pursue long-term investigation{s) of a

substantial question about stream ecology and produce artifacts that
represent their understandings?

The creek project was chosen for this study because (1). the content was
interdisciplinary, combining content from earth science, biology and chemistry; (2) the
project had the potential of meeting a number of science standards and state objectives;
{(3) studving the creek was a meaningful, relevant activity, as the creek was within
walking distance of the school and flowed into a nearby river which was the primary
source of the community’s drinking water; and (4) the project provided an opportunity to
build classrcom-community connections.

The following sub-questions further guided this study:

® What opportunities were provided by the different artifacts for
students to express their scientific understandings?

® What conceptual understandings (breadth and depth as mapped on to
the Standards) did students demonstrate in the arfifacts?

° What patterns of understandings (if any) were demonstrated by the
students?

The above questions helped to frame a {ive-step analysis process. These five
steps included: (1) The delineation of the creek curriculum and mapping the content onto
the National Science Education Standards, (2} The identification of Standards assessed
in the artifacts and pre/post instroment, (3) Analysis of student understandings in each of

the measures. (4} Comparison of course content and artifacts’ potentials for scientific
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understandings fo actual demonstrations of understanding across the artifacts. And (5)
the examination of student understandings across time.

To show the process by which these questions were address, I first describe the
nature of the learning environment. [ then represent student understandings while

simultaneously comparing them to standards of proficiency described by the Standards.

The setfing

This study was conducted in a small alternative public high school in an urban
university town in the Midwest. As part of a large research and development effort, the
teachers in the science classrooms have been working with educational researchers from
a local university to develop and implement a three year, integrated, project-based
science curriculum for all students called Foundations of Science (FOS) (Huebel-Drake,
Finkel, Stern, & Mouradian, 1995, and NSF TPE 9153759). Foundations of Science had
been phased in as the mandatory science curriculum, replacing separate earth science,
biology, and chemistry courses at the ninth, tenth, and eleventh grades. Throughout the
year, students studied scientific subject matter by investigating broad questions and
creating artifacts. This study focused on the ninth grade, fall semester project on Traver
Creek.

At the core of the Traver Creek project was the driving question: “Is Traver
Creek ecologically healthy?” Students conducted physical, biological and chemical
assessments of the creek. They coliaborated to make sense of their data and 1o
hypothesize different relationships between stream factors. They used their findings from
the water quality assessments and data analysis to build computer models of this
ecosystem and to craft written reports that were shared with the local watershed council.

i0
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Data Sources and Analysis

Data were collected in four ninth grade classrooms (0. = 29) in one school
over the course of one semester (18 weeks), Multiple sources of gualitative and
quantifative data were collected, including:

« Student constructed artifacts: essays, scientific reports, and computer
models

¢ Student responses to essay, short answer and multiple choice questions
on pre- and post-instruments,

¢ (Classroom observations including field notes and audio/video
recordings of the classroom and of student groups involved in artifact
construction.

» Teacher generated classroom handouts.
These sources of data were subjected to the five-step analysis process. The

classroom observations and teacher handouts were used to identify the content of the
project and to map it onto the National Science Education Standards (NRC 1996). This
mapping was used to create a matrix tool (see Appendix B) in which demonstrated
understandings could be placed as they were observed and scored. Secondly, the
classroom observations and papers were used to identify the content in each of the
artifacts as they defined the opportunities for students to express their understandings.
Each student artifact was then examined for instances of understanding. When
understandings were identified, they were characterized on a four-point scale and entered
into the matrnix tool.

Analysis of the matrix revealed which standards were demonstrated with
understanding by the students and at what frequency through each of the different

artifacts and measures. This tool supported an analysis of the range of understandings

i1
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demonstrated in each of the different artifacts by looking at the whole set of student
Tesponses.

The matrix was also examined to determine if the array of measures was
sufficient to assess student understandings of the content addressed by the curriculum and
to determine if there were patterns of demonstrated understandings (e.g. if some
constructs were over represented or if others were missing). By examining both the
range of demonstrated understandings and individual understandings, I was able to
describe the scientific understandings of students involved in this constructivist, project-
based science curriculum using the National Science Education Standards (NRC, 1996)

as a reference.

Chapter Su

This study explored the nature of student scientific understandings that were
constructed through their engagement in sustained inquiry. The exploration occurred in
the context of a high school that was implementing a project-based science curriculum
based upon constructivist pedagogy that meets the recommendations of the Standards.
Because the sustained inquiry involved investigations of a local creek, river ecology
provided a framework for students’ conceptual understandings and helped to identify the
specific content standards addressed by the curriculum. The Standards provided a frame
of reference by which student understandings revealed in this study can be compared to
outcomes in other contexts or at later points in time. As such, this study has theoretical,
methodological, and practical implications.

Educational researchers need to specify successful learning eavironments and

their outcomes in sufficient detail to communicate essential features to: (1) ourselves, so
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we can refine the design of the environments; (2) our colleagues, so they can elaborate,
help clarify, and criticize our views; and (3) teachers and administrators, so they can put
the changes into place in their classrooms, schools, and districts.

The investigation described here informs educators and researchers about the
scientific understandings that students develop in one such environment, and how these
understandings can be assessed. This research also demonstrates how curriculum,
assessments and cutcomes can be mapped onto a standards document, suggesting a
practical tool for educators as they evaluate progress toward meeting the Standards. In
addition, this study provides evidence that student artifacts can demonstrate the types of

understandings that are valued in the new reform efforts.

13
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THEORETICAL FRAMEWORK

In this chapter, I expand upon the need for studies that explore the scientific
understandings that learners develop when involved in sustained inquiry supported by
constructivist pedagogy. I begin by defining the construct “understanding” in general
and “scientific understanding” in particular and give examples of different understanding
frameworks, e.g. conceptual understandings that are useful in science education. I then
review how learning environments can support the development of robust understandings
advocated by the National Science Education Standards, and use one approach, Project-
Based Science in the Foundations of Science program, as an example. Finally, I describe
the use of student artifacts as one way of measuring and characterizing students’

scientific understandings.

De

ng Scientific Understanding

Often educators seem to have taken the concept “understanding” as an intuitively
meaningful one and have not attempted explicit definitions (Nickerson, 1995). Our
vocabulary of understanding implies “action,” to understand something is to grasp it,
penetrate it, comprehend or apprehend it, to see the point of it (Webster's, 1985). The
word itself, meaning to stand under something, implies an inside view or another

el

perspective to the knowledge in question. One way to better understand “understanding,’
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is to contrast the construct with two other constructs, “knowing” and “remembering.” To
know or to remember something suggests that one has information in storage, such as a
phone number or an author and book title, and can retrieve it on call (Perkins, 1991).
Scientific knowledge refers to facts, concepts, principles, laws, theories, and models
(NRC, 1996). A learner, who Anows and can remember scientific knowledge, can recite
it {e.g. Avogadro’s number is 6.02 x10{e]23 or pH is measured on a scale of 1-14). A
learner who undersiands the scientific knowledge can use that knowledge to do
something effective, transformative, or novel with a problem or complex situation (e.g.
use pH measurements of a creek system to predict which macro-invertebrates may be
found there) (Wiggins, 198%a).

Understanding goes beyond knowing or retrieving information along a
continuum, which includes readiness for a wider range of performances (Perkins, 1991).
For example, suppose that a learner can explain a concept (e.g. dissolved oxygen) in their
own words (not just reciting a canned definition), can exemplify its use in fresh contexts
(aquariums instead of streams), can make analogies to novel situations (carbonated
beverages, stuffy rooms), can generalize the law (solubility of gasses), and can recognize
other laws or principles with the same form (solutions); most educators would agree that
learner has an understanding of the construct in question. Understandings can be
demonsirated because understanding involves action more than the possession or
accumulation of cued knowledge (Perkins, 1991; Wiggins, 1593).

Understanding science requires that an individual integrate a complex structure of
many types of knowledge, including: the ideas of science, relationships between ideas,

reasons for these relationshins, ways 1o use the ideas to explain and predict other natural
p Y p P
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phenomena, and ways to apply them to many events (NRC, 1996). “Scientific
understanding” in this study derives from this definition provided in the Standards. Itis
further informed by the work of Anderson and Roth (1989) where they distinguish
between the structural and functional components of scientific understandings. The
structural part of scientific understanding refers to the knowledge learners develop that is
scientifically accurate, conceptually coherent and integrated with their personal
knowledge of the world (Anderson & Roth, 1989). The functional component arises in
externalization when learners develop and demonstrate knowledge that is useful for the
essential functions of describing, explaining, predicting, and controlling the world around
us (Anderson & Roth, 1989, Linn & His, 2000).

According to the above definition, one characteristic of understanding is the
integration and structuring of accumulated knowledge (Figure 2.1). Because this
structural component includes both the acquisition of knowledge and the active
construction of a schema that integrates the bits of knowledge, we can conceptualize
different degrees or levels of understanding. Understanding is not a simple dichotomous
state (either one gets it or one doesn’t), but a multi-dimensional continuum (White &
Gunstone, 1992). Understanding involves not just the acquisition of pieces of
knowledge, but the integration of the pieces of knowledge into some sort of whole.
Understanding includes elements of both structure and function from no understandings
{Figure 2.1a) to thin understandings or a crude grasp of the whole (Figure 2.1b & ¢} toa
more sophisticated grasp of the whole or robust understandings (Figure 2.1d.). A learner
can understand a little about something (Figure 2.1b) or a lot about something (Figure

2.1d).
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Figure 2.1: Understanding Dimensions: Understanding is partially a fanction of
knowledge accretion and knowledge integration. Theoretically, it is possible
to accumulate a large number of discrete bits of knowledge without creating
relationships between these pieces of knowledge or only a few weak
relationships (cells a and ¢). It is also possible to have a limited amount of
knowledge with each piece of knowledge well infegrated or linked to other
knowledge, perhaps in multiple ways (cefl b).

For example, as students begin to build a computer model of their creek study

site, a conversation may develop along the line depicted in Figure 2.2,
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Kreg: Juliann, did you see this article in last night's paper... the one
about Allen Creek? This apartment complex wanis to bury almost
300 meters of it in a huge culvert where it runs through their
property and have asked the city for permission. Mavbe we can use
this stuff as the basis for our science project.

Julignn  What do you mean, I thought we were supposed to create a
computer model of Traver Creek?

Kreg: But there are several apartment complexes on Traver Creek
above our study site. What do you think would happen if one of them
decided to do the same thing to our creek?

Juliann:  Oh, I see... we could model some of the changes that might
occur in that case... like... like... I know! The sun wouldn’t reach
the creek inside the culvert and that would affect the photosynihesis
rate... it would make it go down... because the algae need the sun to
carry out photosynthesis. And thai means that maybe the DO
[dissolved oxygen level] would go down because algae produce
oxygen when they do photosynthesis. And that might affect the kinds
of benthics [macroinvertebrates] that can live in the creek. We
might find fewer Taxa 1’s [pollution intolerant organisms ] and more
Taxa 3’s [pollution tolerant organisms] because Taxa 3’s can
survive in areas with low DO.

Kreg: Well I guess so... but I was thinking more about when they
were building the culvert... because then they bring in all this big
equipment... backhoes and bulldozers and stuff. And they would
have to do a lot of digging and stuff to make room for the culvert.
And that might cause a lot of erosion...

Julionn:  Yeah... and the erosion might cause sedimentation further
down stream...

Kreg: Uh-huh... and that will affect the benthics habitats, you know,
like the rocks and stuff will get covered up by all this erosion stuff.
So we might get more Taxa 3’s because they like silty habitats.

Juliann: I think this is a good idea... let’s do it!

hetical conversation in a ninth grade science classroom
ents across several students and class meetings.

Figure 2.2: A hy
synthesized from co

In this example, “Kreg” and “Juliann” take a novel situation encountered outside

the classroom (local newspaper) and apply it to their study site, making hypotheses on the

i8
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possible effects a large culvert might have on their creek. In this short excerpt, we can
observe the application of several concepts and relationships, the two mains ones being
1). sunlight-algae-photosynthesis-oxygen production and indicator species (Taxa 1’s and
3’s), and 2). erosion-sedimentation-changing habitat-and community structure (more
Taxa 3's).

Both of these chains indicaie Kreg and Juliann’s understandings as moving more
toward the right side of Figure 2.1. At the same time, we can identify less robust
understandings, for example, Kreg’s statement that Taxa 3’s “like silty habitats.” In this
instance, a more complete understanding would be represented by an application of the
concept of “adaptation” instead of “liking.” Juliann’s statement that Taxa 3’s “can
survive” in low dissolved-oxygen environments shows a more developed understanding
of adaptation than Kreg’s statement about “liking,” a distinction that refiects a deeper
organizing principle indicated by cell d of Figure 2.1.

Demonstrations of understanding, as in the Figure 2.2 example, employ different
perspectives based on different frames of reference and may be displayed at different
sophistication. For instance, Juliana and Kreg touch on concepts of photosynthesis and
respiration from the perspective of their stream model. A stream ecologist may view
these concepts through the lens of the River Continuum Concept {Vannote, et al. 1980.)
where major bicenergetic influences along the stream are local inputs (allochthonouslitter
and light) and transport from upstream reaches and tributaries contributing to a mix of
heterotrophic and autotrophic sources of energy. A physicist's lens might be on the
energetics, with little emphasis on the organisms in which photosynthesis and respiration

takes place. A chemist may focus on the reactants and products of the corresponding
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oxidation and reduction reactions. A cell biologist's understanding might focus on the
structure of cellular membranes and the mechanisms by which photosynthesis and
respiration occurs in cells. Each of these legitimate differences in perspectives represents
sophisticated understandings of photosynthesis and respiration.

Legitimate differences in perspectives and sophistication of understanding will
also be evident in individual student's scientific understandings of the natural world,
reflecting differences in experience and exposure to science. A challenge to teachers and
others responsible for assessing understanding is to decide how such variability is
translated into judgments about the degree to which individual students or groups of
students understand the natural world (NRC, 1996, Ch 5)

Defining scientific understanding in terms of structural and functional
components may- not capture the full complexity of scientific understanding. Several
educators have proposed different frames or dimensions of understanding (e.g. Schwab,
1964, Schoenfeld, 1985, Posner, et al., 1982; Brown, Collins, and Duguid, 1989; White
and Gunstone, 1992; Perkins & Simmons, 1988, Perkins, et al., 1995; Novak & Gowin,
1984). These are briefly summarized below.

In his essay on the structure of disciplines, Schwab (1964) outlined three issues in
his exploration of the nature, variety and extent of human knowledge. The first had to do
with the organization of knowledge and the relationships between different branches of
knowledge; the second with what be termed the substantive structure of knowledge, the
role of concepiual structures on inquiry; and the third as the problem of syntax, the

canons of evidence and proof and how well they can be applied (Schwab, 1964).
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Posner, et al. (1982), in their model of conceptual change, emphasize certain
features of the learner’s “conceptual ecology” or understandings that influence learners’
movements from naive concepts to more scientific understandings of phenomena. For
instance, epistemological commitments about the nature of evidence and the importance
of parsimony in a theory and metaphysical beliefs such as faith in the orderliness of
nature influence the willingness of a learner to give up their naive conceptions in favor of
more scientific views.

| Schoenfeld (1985) discusses four factors that figure in mathematical
understanding and problem solving: resources (knowledge base of facts and concepts),
heuristics, control {(metacognitive monitoring and control of problem solving) and belief
systems {broad beliefs about the nature of mathematics and mathematical inguiry). These
are similar to the four kinds of knowledge important in cognitive apprenticeships as
emphasized by Brown, Collins, and Duguid (1989): domain knowledge (facts and
concepts), heuristic strategies, monitoring strategies, and learning strategies. Brown, et
al., (1989) claim that people who use strategies or tools within an apprenticeship actively
build an increasingly richer understanding of the world in which they use the tools and of
the tools themselves. The understandings, both of the world and of the tool, continually
change as a result of their interaction.

White and Gunstone (1992) apply their definition of “understanding” to a range of
targets: understanding of concepts, whole disciplines, single elements of knowledge,
extensive communications, situations, and people. Perkins and Simmmons (1988)
characterize deep understanding as involving four interlocked levels of knowledge: the

content frame, the problem-solving frame, the epistemic frame, and the inquiry frame. In
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a revised version of this framework, Perkins, et al., (1995) explicates just three kinds of
knowledge necessary for understanding: content knowledge, problem-solving knowledge
and epistemic knowledge.

These frameworks of understanding help to focus the definition of understanding
in this study to that of conceptual understanding. In the following section, I elaborate on
conceptual understanding. Although 1 focus on conceptual understanding, I also
recognize that conceptual understandings do not encompass the full richness of scientific
understanding. One cannot have robust scientific understanding about a scientific concept
unless those understandings also include how that knowledge came to be accepted
(epistemological understandings) and how new scientific knowledge is constructed
(procedural and strategic understandings). Likewise, one cannot carry out inquiry in
ignorance. A learner needs some conceptual understanding of the phenomenon tc be
investigated in order to frame a question and some sort of guide to relevance and
irrelevance, importance and unimportance {epistemological understandings) in order to

discriminate among the findings (Schwab, 1964).

atier

dings of concepts and subject z

Conceptual Under
content

dings: Underst

The content standards (Chap 6, NRC, 1996) call for scientific understanding of
the natoral world. Such understanding requires knowing concepts, principles, laws, and
theories of the physical, life, and earth sciences, as well as ideas that are common across
the natural sciences. In the modern world, the volume of science-related knowiedge is
growing exponentially. Students today, particularly in the sciences, are inundated with

information. Huge, encyclopedial textbooks and computers combined with CD-ROM

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and networking technology make satellite photographs, acid rain measurements, DNA
sequences and other databases available on every desk top.

Too often, in science classrooms, students are expected to master, or more
specifically, memorize large amounts of material with little opportunity tc apply that
knowledge or to discover its relevance in their every-day-world (Brown, Collins, &
Duguid, 1989). The consequences of this form of schooling are graduates with notable
amounts of discrete knowledge and skills but lacking the necessary understandings to
apply their school knowledge to every day life (figure 2.1 cell ¢). In other words, they
possess inert knowledge that is often unstructured, non-functional and cannot be
transferred to novel situations (Salomon & Perkins, 1989; Whitehead, 1929). The
accumulation of informational knowledge is not the same as understanding.

Definition: Conceptual understanding is the set of elements of knowledge a
learner possesses about a concept, plus the richness of interconnections and relationships
made between concepts, plus the structure that organizes those concepts (Movak &
Gowin, 1984). Implicit in this definition is the idea that conceptual understanding is a
dynamic rather than a static state, for new knowledge can be added to the set, new links
can be formed between things already known, and the knowledge set can be restructured
based on more abstract principles.

According to White and Gunstone (1992}, a person’s understanding of a concept
is the set of propositions (facts, opinions, or beliefs), strings ({ixed or unvarying forms -
like speeches), images (mental representations of sensory perceptions), episodes
{(memories of events), intellectual skilis {capacities to carry out classes of tasks, memories

of procedures) and motor skills (capacity to perform classes of physical tasks) that the
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person associates with the label. In Perkins’ and Simmons’ scheme (1988), the content
frame of understanding contains the facts, definitions, and algorithms associated with the
substance of the subject matter; as well as, and even more importantly, the mapping
schemes that associate concepts with referents; and the content-oriented metacognitive
knowledge, such as strategies for monitoring the execution of an algorithm, or for
memorization and recall.

Spoehr (1994) refers to this set or cluster of knowledge representation as a
conceptual neighborhood and expands on the structural natuore with the elementsin a
neighborhood most often organized in a roughly hierarchical way (figure 2.1 - cell d), and
neighborhoods combined hierarchically to form even larger neighborhoods. Expert
conceptual neighborhoods are likely to be organized using deep, abstract concepts. More
sophisticated knowledge representations tend 1o abandon neighborhoods built out of
exemplars and information that share surface characteristics, and move in favor of
structures based on deeper, abstract principles (Spoehr, 1994, p 80). The earlier exchange
between Kreg and Juliann (figure 2.2), is an example of understandings demonstrated
within the content frame. Understandings that are more expert might be based on
concepts such as energetics and ‘form and function’ adaptations.

Learners who have a conceptual understanding in science will not understand all
the things there are to know, but they will understand quite a few concepts and will be
aware that there are many more that could be looked up, learned from experience or from
other people. They may know about things like solutions, dissolved oxygen, nutrients,
electrons, atoms, molecules, bacteria, populations, community structures, food webs,

habitats, benthic macro-invertebrates and have some mental image of what they are like.
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They will also know that there are explanations of how things happen: like why algae
grows in some areas of the stream and not others; or why the number of mayflies is
decreasing and the number of isopods is increasing; or what happens fo substances

dumped in the storm sewer.

Demonstrations of Conceptual Understanding

Associated with the conceptual frame are characteristic performances that
demonstrate conceptual understandings, including the familiar recall of facts and correct
description of instances using specific vocabulary common to classroom environments.
Yet since understanding a concept is not a simple dichotomous state, simple recall and
vocabulary exercises may tell us something about a student’s knowledge, but not very
much about their understandings and their capacity to reason with knowledge. A more
valid measure of a learner’s understanding of a concept involves performances that
require a learner to reveal more of the integration of structure and function of their
content knowledge, e.g. generalization, contextualization, comparison and contrast,
justification, application, exemplification, and explanation (Perkins, 1992). Discerning
what a student knows or how the student reasons is not possible without communication,

either verbal or representational, an essential component of understanding.

aark not

In the excerpted conversation in figure 2.2 (page Error! Bool
defined.), we can find several examples of characteristic conceptual understanding
performances. Contexiualization is probably the most obvious example as both Kreg and
Juliann think about what might happen in a different contex? if part of their creek was
placed in & culvert. They compare and contrast the state of the creek with and without a

culvert. Juliann explains the relationship between sunlight and dissolved oxygen
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mediated by photosynthesis. Kreg exemplifies by using the new example of construction
in the creek bed as a cause for erosion. As they go about creating their model, they will

have the opportunity to justify their assertions and test the model to see if it works,

Research on conceptual undersiandings

In the last twenty vears a subétan&aj body of research has been built up that
explores and documents students’ specific ideas and levels of understandings on topics
within the physical, earth and life sciences. This research has often limited the
exploration of knowledge to that of single or discrete concepts rather than exploring
students” understandings of a complex domain area (concept vs. conceptual levels of
understanding). Furthermore, much of this research in science education has been
conducted in the physical sciences {(e.g. Linn & Songer, 1991b; Roth, 15935; Songer,
1996; also see reviews such as Confrey, 1990; Driver & Easley, 1978; Driver, Guesne, &
Tiberghien, 1985; Gilbert & Watts, 1983; Osborne & Freyberg, 1985) and much less in
the biological sciences.

In the biological sciences, little has been published about students’ understanding
of the dependence of organisms on one another and the environment, or the flow of
energy through the living environment (AAAS 1993). In ecology, research has been
done on students’ understandings in nntrient cycles (Hogan & Fisherkeller, 1996; Leach,
et al., 1996a); food webs (Leach, et al., 1996b}; acid rain (Brody, Chipman, & Marion,
1988/89) and pollution (Brody, 1990/91). Yet these, too, are studies about discrete
concepts. An exception to this trend can be found in the study by Hulland and Mumby
(1994) which reports on two cases of young children’s sense making of information

learned during a two week summer camp program on wetlands. This latter study is one
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of the few that used learners’ artifacts to assess understandings. The relevance of
Hulland and Mumby’s work to the present study is expanded below in the section on
conceptual and epistemological interactions.

Understanding reflects a kind of knowing that is primarily useful in the service of
some larger goal. For example, the ability to read a map is not useful in itself but does
help when one needs to locate a watershed or identify land uses along a stream. Likewise
understanding the concept “dissolved oxygen” is not in itself useful’. Itis, however,
useful in the service of some larger goal, as for example, evaluating the quality of a creek
ecosystem and predicting what benthic macroinvertebrates might be found there or for
monitoring municipal discharges. Therefore, it should be recognized that conceptual

understandings of science interact with other forms of scientific understanding.

Conceptual and Epistemological Interactions: The nature of the interplay between
conceptual and epistemological understandings can be illustrated though Posner’s, et al.,
{1982) descriptions of features in a learner’s “conceptual ecology,” the understandings
that influence a learner’s movement from naive concepts to more scientific
understandings of phenomena. In their paper, they discussed the difficulties inherent in
achieving student conceptual change when the epistemological commitments of the
student differ from those of the scientific community. For instance, epistemological
commitments about the nature of evidence, the importance of parsimony in a theory, and
metaphysical beliefs such as faith in the orderliness of nature influence the willingness of

a learner to give up their naive conceptions in favor of more scientific views. Other

> Excluding knowledge for knowledge sake or for so-called “academic” exercises, such
as asking whether the concept has been accurately defined.
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research has indicated that it is possible to hold multiple understandings of a concept, a
conceptual profile, all of which may not be revealed in a given situation (e.g. Driver, st
al, 1994, Magnusson, et al. 1997). In this case, an epistemological understanding of the
domain in which one is functioning influences the conceptual understandings that may be
activated during an understanding performance. For example, a student would probably
describe Traver Creek differently in a creative writing class or a history class than in
environmental science because the expectations, or epistemologies, of each class are
different. The findings of several studies (e.g., Carey, et al., 1989; Linn, ¢t al., 1990;
Songer & Linn, 1991; Schauble, Klopfer, & Raghaven, 1991; Strike & Posner, 1992;
Demastes, Good, & Peebles, 1995) suggest that a learner’s epistemological framework is
a factor in effecting changes in knowledge representation.

Learners’ conceptual ecologies also influence the heuristics they employ in sense-
making. Hulland and Mumby’s (1994 study focused upon two children (ages 10-11)
who demonstrated remarkably different sense-making heuristics: a recognizably
scientific one verses one that involved the generation of metaphors and personalized
stories. At the classroom level, such heuristics affect what learners consider evidence for
or against an emerging scientific explanation, and thus affect the representation of
scientific content. In addition, since science is a way of knowing or looking at the world,
conceptual and epistemological understandings will also influence and in turn be
influenced by understandings of scientific inquiry. Although this study focuses on
stadents’ conceptual understanding, awareness of possible epistemological may enhance

the interpretation of students’ scientific understandings.
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Conceptual and Strategic Interactions: Students who seek to understand the world

around them engage in inquiry/investigative activities, whether or not they are
scientifically literate. Learners of all ages are more inquisitive about the things they
know about than the things they do not. So, people who understand some science are
also likely to ask questions about how things happen, what causes them to happen, what
are the processes involved, how people have come to give such explanations, and what
evidence supporis the explanations. Scientific understanding, particularly in the
conceptual and strategic dimensions, provides learners with the conceptual and technical
(or procedural) tools which produce the power and precision that would not otherwise be
possible (Lee & Brophy, 1996).

Early on, Schwab (1964) described the interactions of the conceptual and strategic
dimensions. In his essay on the Structure of the Disciplines, he contended that our
conceptual structure, especially our ignorance, leads us to formulate questions, which, in
turn, lead us to investigate and collect data. Those same conceptual structures influence
the way data are interpreted. He goes on to explain the reverse interplay, that of strategic
understandings on conceptual undersiandings and the recursive nature of the feedback
between the two dimensions.

There is some research evidence that supports these argnments about the inter-
relationship between the conceptual and strategic dimensions of scientific understanding.
For example, Stratford (1996}, Penner, et al,, (1997), and Finkel and Stewart (1994},
found that as students engage in model building (an inquiry activity), they built
conceptual understandings and that students tended to construct more in-depth conceptual

understanding when building more complex models. Stratford (1996) related the model
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building processes to the conceptual richness of their final models. He suggested that
students who employed more strategies {analysis, relational reasoning, synthesis, testing,
debugging, planning, explaining, questioning, and searching} produced models that were
conceptually richer than students who used fewer strategies.

Acquiring scientific knowledge about how the world works does not necessarily
lead to an understanding of how science itself works, nor does knowledge of the
philosophy and sociology of science alone lead to a scientific understanding of the world
(AAAS, 1993 p. 4). The challenge for educators is to weave these different aspects of
science together so that they reinforce one another. Learners need to use strategic
understandings of inquiry and problem solving to develop conceptual understandings.
They need to use their conceptual understanding when engaging in inquiry and problem
solving and their epistemological understandings to make sense of their findings. Their
epistemological understandings inform their choice of strategies when involved in
investigations and as they structure their conceptual understandings.

Scientific understanding includes both structural and functional aspects as well as
the dimensions of conceptual, strategic and epistemological understandings. Since
understanding is a multidimensional continvum, what should students understand and be
able to do? And, how can we know that students understand? These issues are explored

in the following sections.

The National Science Education Standards:
what students should understand

Three major efforts during the 1990°s contributed significantly to the

development of standards or targets for what students should understand (know and be
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able to do) in the sciences: Benchmarks for Science Literacy (AAAS, 1993), NSTA’s
Scope, Sequence, and Coordination series (NSTA, 1993, 1995) and National Science
Education Standards (NRC, 1996). States and school districts have also worked to
define standards for student achievement in the subject areas.

The American Association for the Advancement of Science (AAAS), working
from the foundation they helped build in Project 2061: Science for All Americans
(Rutherford, et al., 1990), have developed over 60 “literacy goals” in science and its
intersections with mathematics, technology and the social sciences. This effort,
published as Project 2061 : Benchmarks for Science Literacy (AAAS, 1993) articulates
science literacy goals across levels K-2, 3-5, 6-8, and 9-12; and includes a useful
discussion and presentation of the research base of the document. The parent document,
Project 2061 : Science for All Americans (Rutherford, et al., 1990) asks that students
come to understand science as a dynamic, cross-connected enterprise involving
mathematics and technology as well as the natural and social sciences. It also suggests
that scientifically literate people can view the world through the eyes of science and
develop scientific habits of mind.

Based upon exemplary practice and research, the National Science Education
Standards, issued by the National Research Council (NRC, 1996), present a vision of a
scientifically literate populace. They outline what students need to know, understand,
and be able to do to be scientifically literate at different grade levels. The content
standards, organized by K-4, 5-8, and 9-12 grade levels, are found in Chapter 6. These
standards provide expectations for the development of student understanding and ability

over the course of K-12 education. Content is defined to include inquiry (Standard A);
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the traditional subject areas of physical (Standard B), life (Standard (), and earth and
space sciences (Standard D); connections between science and technology (Standard E);
science in personal and social perspectives (Standard F); and the history and nature of
science (Standard ). The content standards are supplemented with information on
developing student understanding; and they include fundamental concepts that underlie
each standard. The Standards also describe an educational system in which all students
demonstrate high levels of performance, in which teachers are empowered to make the
decisions essential for effective learning, in which interlocking communities of teachers
and students are focused on learning science, and in which ‘suppeﬁive educational
programs and systems nurture achievement (NRC 1996).

To compliment these efforts, the National Science Teachers Association (NSTA)
has published the Scope, Sequence, and Coordination of National Science Education
Content Standard (NSTA, Aldridge, & Strassenburg, 1995} as an addendum to The
Content Core: A guide for curriculum designers (NSTA, et al., 1993). This supplement
is designed to make the “Core” more consistent with the new National Science Education
Standards.

Based on Project 2061 : Science for All Americans (Rutherford, et al., 1990), is
Michigan Essential Goals and Objectives for Science Education K-12 (MEGOSE)
{MDOE, 1991}, used by school districts in the State of Michigan to align school curricula
with the statewide achievement tests. The 212 objectives in this document are divided
between elementary, middle, and high schools; and emphasize understanding over
content coverage. The objectives are organized around central questions and are divided

into three categories of scientific activities: constructing scientific knowledge (ask
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questions, develop solutions, interpretation, and reconstruct knowledge i.e. strategic
understandings), reflecting on scientific knowledge (Justification, show an appreciation,
seeing connections, historical and cultural perspective, relationships among STS, and
describe limitations of knowledge, i.e. epistemological understandings) and using
scientific knowledge (description and explanation, prediction, design, i.e. conceptual
understandings) (MDOE, 1991). Each objective is defined in terms of the activities and
contexts in which students should be able to use their knowledge as well as the
knowledge that they will need.

Some of these documents (e.g. AAAS, 1993; NRC, 1996) describe “content
standards.” Content standards specify “what” students should know and be able to do.
They indicate the knowledge and skills -- the ways of thinking, working, communicating,
reasoning, and investigating; and the most important and enduring ideas, concepts, issues,
dilemmas, and knowledge essential to the discipline -- that should be taught and learned
in school (NESIC, 1993, p. ii).

A second class of standards is “performance standards” (Shavelson, Baxter, &
Pine, 1992; Wiggins, 1991). The word “perform” in common parlance means to execute
a task or process and to bring it to completion. Our ability to perform with knowledge
can therefore be assessed only as we produce some work of our own, using a repertoire of
knowledge and skills and being responsive to the particular tasks and contexts at hand
(Wiggins, 1993). Performance standards also specify “how good is good enough.” They
provide not only models but also a set of implicit criteria against which to measure
achievement (Wiggins, 1991). They relate to issues of assessment that gauge the degree

to which content standards have been attained, and the indices of guality that specify how
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adept or competent a student demonstration must be. A performance standard indicates
both the nature of the evidence (such as an essay, mathematical proof, scientific
experiment, constructed product, exam or combination of these) required to demonstrate
that the content standard has been met and the quality of student performance that will be
deemed acceptable (NESIC, 1993, p. iii). Progress involves successive approximations
in the direction of an exemplary performance (Wiggins, 1991).

Understanding performances are the manifestation of the functional component of
understanding (Anderson & Roth, 1989) and include: generalizing, comparing and
contrasting, justifying, applying, exemplifying, and explaining (Perkins, 1992); offering
explanations, articulating richly relational knowledge, and revising and extending
explanations (Perkins, et al., 1995); and analyzing, making fine judgments, undertaking
syntheses, and creating products that embody principles or concepts central to a
discipline (Gardner, 1991). In science education, performances might require students to
apply scientific knowledge and reasoning in real world contexts as well as in situations
that approximate how scientists do their work (e.g. investigations and subsequent reports,
building and testing models).

Performance standards “contextualize” content standards by identifying the
manner in which the content must be demonstrated and the expected level of performance
or understanding. In effect, performance standards are an interpretation of content
standards (Kendall & Marzano, 1996).

The Standards emphasis the importance of explicit criteria for judging the quality
of students’ work (Chap 5). However, the Standards do not provide such criteria or

describe intermediate levels of vnderstanding. They describe the desired endpoint, what
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the scientifically literate person should know, understand, and be able to do after 13 years
of school science. But the Standards do not define the contexis in which understandings
should be demonstrated nor how to assess different levels of understanding.

Work by researchers such as Carey (Carey, et al., 1989; Carey & Smith, 1993)
Grosslight et al (1991), Stratford (1996; Stratford, Krajcik, & Soloway, 1997b) and
Spitulnik (Spitulnik, 1995; Spitulnik, Stratford, Krajcik, & Soloway, 1996) have often
erployed three or four level scales in their assessments of student understandings or
performances of understandings. These scales of performance quality indicate a
proficient or mastery level of understanding, developing understandings, and
novice/naive/non —scientific understandings. The proficient or mastery level in these
studies was defined by the researcher and may, or may not, be based on an outside frame
of reference such as the Standords.

Therefore, while the Standards can be used to identify the content standards, other
strategies must be employ to capture the Standards based performance standards. Once
“content standards” and “performance standards” are defined, the next step is fo assess
students’ achievement. In Chapter S (NRC 1996), the Standards lay out expectations and
criteria for assessment in science education. These criteria and associated challenges are

discussed in the next section.

Assessment: Ide ing and Characterizing Scientific Understandings

An essential responsibility of teachers is to report on student progress and
achievement to the students themselves, o their colleagues, to parents and to policy
makers {See Teaching Standard C, Chap 3 NRC, 1996). These reports provide

information about:
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{1) The teacher's performance standards and criteria for evaluation.

{(2) A student’s progress from marking period to marking period and from
year {0 year.

(3) A student’s progress in mastering the science curriculum. And ,

(4) A student's achievement measured against standards-based criteria
(NRC, 1996 Chap 5).

In classrooms trying to enact the vision of science education embodied in the Standards,
however, assessment becomes problematic. Due to the different or novel roles students
are expected to take and the different or novel types of work they are expected to
produce, educators may find it challenging both to assess student achievement and to
communicate student achievement effectively.

In most school settings, the accepted way for a student to express “understanding”
of a history lesson, scientific theory, or novel is to answer questions on a test or perhaps
to write an essay (Goldberg, 1992). For example, school assessments usually ask the
learner to identify the products (discourse, things, or performances) of others by
recognizing the difference between two concepts, by matching scientists with their
theories, or by correctly labeling flower parts or vector forces {Archibald & Newmann,
1988) often in an “end-of-chapter test.” In classrooms where the activity of answering
recall questions plays 2 dominant role, this activity often becomes the basis for students’
operational definitions of scientific understanding (Anderson & Roth, 1989). Students,
who say that they “understand” a concept or topic, often mean that they are prepared to
answer recall questions about it; because, in their experience, this is the sole or primary
function of scientific knowledge (Anderson & Roth, 1989),

Instead of end-of-chapter tests and other forms of a priori instrumentation,

alternative methods of assessing student understandings, methods consistent with
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constructivist theories of learning and the types of understandings promoted by the
Standards, must be employed. In the view of assessment expressed in the Standards
(Chap 5), assessment and learning become two sides of the same coin. The methods used
to collect educational data define in measurable terms what teachers should teach and
what students should learn. When students engage in an assessment exercise, they should
learn from it. In conforming to the vision of science education expressed in the
Standards, such assessment tasks would require students to apply scientific knowledge
and reasoning in real world contexts as well as in situations that approximate how
scientists do their work (NRC, 1996 Chap 5).

The Standards emphasize “embedded” and “authentic” assessments (NRC, 1996
Chap 5). Assessments embedded in the curriculum serve at least three purposes: to
determine the students’ initial understandings and abilities, to monitor student progress,
and to collect information to evaluate student achievement. Assessment tasks used for
those purposes reflect what students are expected to learn; elicit a fuller extent of
students’ understanding; are set in a variety of contexts; have practical, aesthetic, and
heuristic value; and have meaning outside the classroom (NRC, 1996 Chap 5).
Assessment tasks also provide important clues to students about what is important to
learn. According to the Standards, assessment tasks are authentic when students are
engaged in tasks that are similar in form o tasks in which they will engage in their lives
outside the classroom or are similar to the activities of scientists (NRC, 1996 Chap 5). In
the next section, I develop the argument that embedded and authentic science
assessments result in artifacts that can be used to make inferences about student’s

understandings.
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Artifacts and Understandings: Theoretical Rational

Authentic demonsirations of mastery in the real world often share three features:
the production of discourse, things, or performances; flexible use of time; and
collaboration with others (Archibald & Newmann, 1988).

One way to help students develop deeper understandings of the subject matter
they are supposed to be learning may be to provide more opportunities for creating
“artifacts” which demonstrate the connections they are making between concepts, and
reveal what they understand about that subject matter (Gardner, 1991; Lehrer, 1993;
Wisnudel-Spitulnik, Stratford, Krajcik, & Soloway, 1996). Artifacts are concrete
representations of students’ emerging understandings and provide a product or result that
can be assessed. In this study, I use the term “artifact” as a synonym with “product.”
However, since the everyday usage of the word product connotes a final, often
unchanging manifestation, I preferentially use the term artifact to indicate that the
understandings expressed in these pieces of student work, even supposed “final
products,” are intermediate expressions of emergent states of understanding, subject to
revision and improvement as students’ understandings develop. Artifacts may include
writing samples, letters, reports, journals, debates, plays and skits, scientific devices, 3-D
models, drawings, computer programs and models, concept maps, videctapes, and hyper-
media documents. Artifacts may be embedded in instruction or performance
assessments, or serve as culminating assessment tools. They may be assessed
individually or collected in student portfolios.

Some artifacts that students construct reflect mostly “recall knowledge,” e.g.

worksheets and guizzes. Other artifacts, such as written reports and computer models,
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require a greater time investment, are constructed over a number of days, and often (or at
least ideally) undergo cycles of revision. These are the assessments where questions and
tasks may be discussed, clarified, and even appropriately modified through discussion
with the teacher and/or one’s peers. As students engage in such thought-filled activities,
their conceptual understanding may be enhanced by the development of a richer network
of interconnections between mental concepts (Novak & Gowin, 1984). These are the
artifacts that require the functional demonstration of scientific understanding. Therefore,
in terms of understanding, this study will preferentially select as artifacts those
representations that require students to integrate mulfiple forms of knowledge, to build
explanations and other representations of science content, that provide opportunify for
revision, and that provide a meaningful context or purpose so that understanding is
facilitated.

Constructing artifacts provides learners with an opportunity to develop
understanding as well as a context in which they may demonstrate their understanding
{Papert, 1991; Perkins, 1986; 1991). The theoretical rational comes from a synthesis of
design theory and constructivist learning theory where the “construction of meaning” is
viewed as a core process (Kafai & Resnick, 1996; Papert, 1991). The processes of
creating artifacts requires learners to engage in many elements of design, for example:
formulating questions, gathering data from multiple sources, organizing diverse and
contradictory information, and presenting their findings (Lehrer, 1993; Perkins, 1986).

Blumenfeld, ef al. (1991) claim that it is through the process of creating the
artifact that students construct their knowledge, the doing and the learning are

inextricable. As learners engage in artifact development, they enhance their conceptual
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understanding as they integrate new information and build connections between concepis
{(Novak & Gowin, 1984}. They construct and rﬁ@@ﬁéﬂ"&% their understandings as they
synthesis information and work with ideas, forming them into a coherent siructure
{Papert, 1993; Perkins, 1986). Constructing new relationships with knowledge is seen as
important as forming new representations of knowledge (Kafai & Resnick, 1996).

The physical representation of understanding allows for rescan and reformulation
of knowledge (McGinley & Madigan, 1990). In addition, because artifacts are tangible,
concrete and explicit {e.g., a model, report, videotape, hypermedia document, or
computer model), they exist within a social space where they can be shared and critiqued.
Artifacts are drawn from student understandings, but these understandings are reshaped,
reexamined, and selected for communicating with a certain audience (Bos, Krajcik, &
Soloway, 1997). This allows others o provide feedback and permits learners to reflect
on and extend their emergent knowledge and revise their artifacts (Blumenfeld, et al.,
1991).

The degree to which students make connections and draw relationships between
concepts within their artifacts provides insight into students’ understanding of concepts
(Spitulnik, 1995; Spitulnik, et al., 1996; Wisnudel, 1994). The next section of this
chapter will consider the types of understandings that might be revealed in student-

constructed arfifacts such as reports, models and concept maps.
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Reports

A very familiar artifact in science classrooms is the written report”. Writing
provides practice in using language that represents specific scientific ideas (Connolly,
1989; Keys, 1994; Keys & Bryan, 2001). Creating a written product, such as an
investigation report, has the potential to facilitate the negotiation of meaning and the
construction of conceptual understanding. The production of a report involves both
expressive modes of verbalization in which the writer formulates personal
understandings, and communicative modes in which the understandings are processed for
presentation to others (Freisinger, 1580). Report writing requires the learner to retrieve,
synthesize, and organize information, and to reason through a chain of events and related
evidence in order to present a formulation of knowledge (Fellows, 1994; Keys, 1994).
Because writing for an audience requires that language be explicit enough to be
understood outside its immediate context, conceptual links are formed or clarified as
writers work through the expressive and communicative state of composition (Daiute,
1992; Langer & Applebee, 1987).

Maimon and colleagues (1981) describe the act of writing as problem solving.
Good writing begins with a careful definition and interpretation of the problem, defining

the problem first in terms of aim, or purpose, and of aundience (Maimon et al., 1981},

* Writing in science is an authentic scientific activity. Scientists write to report
their research, to communicate with colleagues at other institutions, to request financial
support for their work, to colleagues, mangers, and subordinates in their own institutional
setting. Scientists write instructions and memos, and keep lab notebooks. They even
write to explore their own ideas, theories and speculations (Porush, 1995). The
dissemination of scientific ideas is crucial and inseparable from science itself (Porush,
1955).
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Recent research on writing to learn, especially collaborative writing, has shown that the
generation of language around problem-solving tasks is a key factor in enhancing student
understanding (Connolly, 1989; Fellows, 1994; Keys, 1994; Roth & Roychoudhury,
1992). Further, because science writing is based on patterns of argumentation that stress
the links among claims, warrants, and evidence (strategic and epistemological
understandings), students engaged in report writing may enhance reasoning skills used to
support report composition (Keys, 1994).

Collaborative writing tasks can structure student discussion around conceptual
understandings to be included in the composition. When young children collaborate on
writing tasks, they use speech to elaborate their writing and to become more familiar with
words, ideas, and composing processes (Daiute, 1989b). The conversation, in turn,
creates an environment in which students more readily generate text by posing ideas,
evaluating, and editing each other's work (Daiute, 1989b; 1992). A collaborative writing
environment should support reasoning skill development by distributing the cognitive
burden, by providing a context for discussion and debate (Brown & Palincsar, 1989), by
providing opportunities for negotiating meaning {Roth & Roychoudhury, 1992), and by
situating writing in the more familiar format of conversation {Daiute, 19892, 19895,
1992; Keys, 1994}, Brown and Campione (1990) found that elementary students who
created collaborative products increased their use of comprehension-extending processes,
such as making analogies, providing causal explanations, elaborating predictions and

supplying evidence in their discussions over time.
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Drawings and Graphical Representations

Text is not the only way of expressing understandings. When visuals like pictures
and maps accompany a text, the text is easier to comprehend, especially if the contents of
the pictures and text are related (Daiute, 1992). In addition, some people who have
difficulties expressing ideas or details in writing draw very detailed pictures that express
coherent themes and points of view (Daiute, 1992; Gallas, 1991). Hulland and Mumby
(1994) used drawings as tools for middie school students to express their understandings
about wetlands. In the ftwo cases described in their paper, these artifacts were used as
evidence of deeper, interconnected understandings of ecosystems (Stan), or weak
understandings that focused on just one organism or idea at a time (Dana) (Hulland &
Mumby, 1994).

In science, drawings are often used for their descriptive function, for example, in
illustrating key identifying features of an organism or for mapping out key components of
an environment. Drawings are also used for organizing conceptual explanations. For
example, a drawing may illustrate the parts of the hydrologic or carbon cycles. As such,
they serve as graphical models or representations of scientific phenomena.

Concept maps are a special type of graphical representation that help learners to
organize and represent concepts in meaningful ways (Novak & Gowin, 1984). Most
often, concept maps are used with the terms that make up the content of a series of
lessons. After identifving concepts relevant for a particular topic, learners organize these
concepts in hierarchical relationships. By mapping the concepts, learners can connect
conceptsina vaﬁeiy of ways and can represent the personal meanings they hoild for

concepts - a representation of their conceptual understandings. Similarly, the modeling
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tool emploved in this study included a map view using iconic representations of model
components and arrows representing relationships between the components.

Concept maps focus specifically on the structure and linking of concepts that the
student perceives. They can be used to explore the understanding of a limited aspectof a
topic and the relationships between key terms by choosing terms to direct the focus of the
probe or by limiting terms to two to three key concepts and asking learners to make
multiple links between these terms (White & Gunstone, 1992). Concept maps may also
be used to see whether or not students relate distinct topics, and whether they can draw
links between two concept maps on different topics (White & Gunstone, 1992). Wallace
and Mintzes (1990) claim that they found concept maps complement other measurement
techniques and are useful for revealing not only what students know, but also how they
organize their knowledge.

In addition to learner generated concept maps, some researchers use a concept
mapping technique o graphically represent student understandings expressed in
interviews (Chi, Feltovich, & Glaser, 1981; Rye & Rubba, 1996}, student writing
(Fellows, 1994), to organize field observations (Barden, 1997), or to analyze a curricalum
or document (Wandersee & Fisher, 1995). Mapping out understandings may also be a
useful technique when analyzing other learner created artifacts such as non-linear

hypermedia documents and computer models (e.g. Jackson, et al., 1996¢).

Models

Models are instruments of understanding and are especially important as tools for
understanding science. Perkins {(1986) defines a model as any example or other

representation that makes a concept more accessible by rendering it concrete, perceptual
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and vivid. Examples of models include surrogate representations (photographs and
drawings), captured perspectives (maps and three-dimensional representations),
alternative expressions (graphs of functions), analogs or analogies, and demonstrations
(Perkins, 1986). Gilbert (1991) defines science as a process of constructing predictive
conceptual models. This definition unites both the processes and product of science, and
identifies model building as a super-ordinate process skill. An understanding of the
nature of models and model building is an integral component of scientific literacy
(Gilbert, 1991; NRC, 1996; AAAS, 1993).

Hestenes (1992} proposes that students will learn the principles of a theory by
using, manipulating, and building models. The construction of dynamic models
encourages analyzing, synthesizing, reasoning and explaining (Spitulnik, et al., 1996).
These processes help studenis develop both strategic and epistemological understandings
as they create and revise their models; and conceptual understandings as they attempt to
explicate relationships between the different parts of their models. Building a dynamic
model is a concrete way to help students construct mental connections between real-
world concepts by providing an environment in which they can formulate and test their
mental model of a phenomenon (Spitulnik, et al., 1996).

The process of constructing models provides the context for learners to build
conceptual, epistemological and strategic understandings. As students construct their
models they wrestle with the content of their models (conceptual understandings), they
reflect about the purpose of building models, and they must decide on the problem they

wish to tackle and how they will go about finding answers or evidence to address their
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problem (Spitulnik, et al., 1996; Stratford, 1996). Examining models constructed by

students can provide evidence of scientific understandings.

Assessing Artifacts

Artifacts, as concrete representations of student’s emerging understandings,
provide a product or result that can be assessed. Some artifacts, such as concept maps,
may be limited to assessing conceptual understandings. Others, such as scientific reports
and the construction and testing of dynamic models, may reveal insights into broader
aspects of scientific understandings. Assessment of these artifacts is important in order to
determine their overall educational value, identify general misconceptions or gaps in
conceptual understandings at the classroom level, and assess students’ individual
achievement levels (Haertel, 1991).

A one-time collection of a single artifact may not build an adequate picture of
students’ understandings because different artifacts reveal different aspects of
understandings. A collection of artifacts (sometimes known as a porifolio) may furnish a
broad, longitudinal porirait of individual performance along several standards, or they
can provide summaries or inventories of many facets of individual accomplishment
(Archibald & Newmann, 1988). By using a range of artifacts, it is possible to probe
students’ scientific understandings across multiple standards.

However, teachers may find it challenging to assess diverse artifacts and to
communicate student achievement demonstrated in artifacts to parents and policy makers.
Clearly relating assessment tasks and products of student work to the valued goals of
science education (i.e. the Standards) is integral to assessment plans. Equally important is
that the assessment plans have explicit criteria for judging the quality of students' work
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that policy makers and parents can understand. Teachers, parents and policy makers need
to be reassured that alternative assessment methods are not only as good as, but may be
better than, those used when they were in school. Thus, in developing assessment
strategies to compile evidence of student achievement, teachers and researchers need to
demonsirate that alternative forms of data collection and methods of interpreting
achievement are at least as valid and reliable as the familiar short-answer test (NRC,
1996).

A few studies (Spitulnik, 1995; Spitulnik, et. al., 1996; Stratford, 1996) have
examined student understandings exhibited in discrete artifacts (dynamic models,
hypermedia documents, etc.) but not across a series of artifacts that represent
understandings across a semester or yearlong curriculum. In addition, it is difficult to
compare outcomes reported in one study with those in another because much of the prior
research has not described student outcomes in terms of a common frame of reference

In this dissertation, I employ the content standards in the National Science
Education Standards (Chapter 6, NRC 1996) as an assessment tool to characterize
students’ scientific understandings demonstrated in students’ artifacts. I also propose the
Standards as a communication tool, providing a language and a common frame of
reference to describe student achievement across different types of student work, time,
and contexts. By using the Standards as a frame of reference, information generated from
alternative modes of assessment applied locally can have common meaning and value in
the larger community, despite the use of different assessment procedures and instruments

in different locales (NRC, 1996 Chap 5). This contrasts with the traditional view of
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educational measurement that allows for comparisons only when they are based on
parallel forms of the same instrument.

Assessment is one measure of progress toward the vision of science education
described in the Standards. Yet progress ts';fvard the vision also depends upon an
understanding of how teachers can promote learning with understanding in the classroom.
Bridging the notions of instruction and assessment is the challenge to educators to
provide “performances spaces” for students to develop and demonstrate their scientific
understandings (Perkins, 1991; 1992). Efforts to provide such spaces by applying

constructivist theory in the classroom are highlighted in the next section.

Understandings in the Classroom: Applying Constructivist Theory to Practice

Too often, even when “understanding” is purportedly the target of instruction,
there continues to be a focus on teachers teaching and students practicing decomposed
and decontextualized skilis (Campione, 1991); a focus that researchers need to attend to
when trying to measure student understandings. In many classrooms, students do not get
to practice their understandings but instead practice “remembering” (Perkins, 1992).
School science tends to present science as a series of known concepts and ideas, a body
of knowledge to be mastered (Aikenhead, 1982; Perkins & Simmons, 1988). For
example, in an observational study of 11 junior high school science classes, only a very
small proportion of tasks required higher-level creative or expressive skills; the
predominate activity involved copying information from the board or textbook onto
worksheets (Mitman, et al., 1987). Teachers in these classrooms stress correct answers,
grades, competition, and public comparison with others. Students are often not provided
opportunities to learn the critical thinking skills that permeate the cognitive repertories of
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accomplished learners (Campione, 1991) and that help develop understandings. This
situation is compounded by the nature of instruction in the higher grades, where the
emphasis is too often on breadth of coverage. Students are not required to explore a
subject in depth, and consequenily, it is not easy for them to learn to evaluate new
information critically and build the multiple links between concepts that are the hallmark
of robust understandings (figure 2.1-d). In the face of such instructional activities,
students are likely to conclude that science is static rather than active, and that science
proceeds in a linear triai-and-add-new-information approach rather than as a series of
conjectures that may or may not be supported (Linn, et al., 1990).

Since understanding science requires that students be able to use their knowledge
(functional component) in building explanations, models, and arguments; it makes sense
that students will need experiences in doing or building, in order to learn how to do or to
build. If scientific understanding is the goal, then students need opportunities to develop
that understanding from a combination of direct experiences and knowledge from experts
(including the textbook and the teacher) and to consider whether their own beliefs gained
from prior experience are consistent with their new experiences afforded through
classroom activities, with their own lines of inquiry, and with the canonical explanations
of scientists (Raizen, et al., 1989 p 46).

The findings of several decades of cognitive research have pointed o the
constructive nature of human learning, the complex nature of expertise related to specific
subject areas, the power of intuitive conceptions, and the limitations of school knowledge

for application in non-school settings (Winn, 1993},
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In the constructivist framework, people are seen not as mere recorders of factual
information but as creators of their own unique knowledge structures. Bolstered by this
research knowledge, proponents of science education reform have begun to consider
strategies for promoting greater instructional and curricular emphasis on thinking and
reasoning; and have begun to develop new descriptions of competence and proficiency
that emphasize such themes as thinking, reasoning, complex performance, and problem
solving in addition to knowledge and skills.

In searching for organizing principles of instruction and curriculum that attend to
critical relations between thinking and motivation for developing understanding,
educators have repeatedly turned to Dewey’s ideas of project-based education
(Kilpatrick, 1918, Dewey, 1956).

Project-based education is a comprehensive approach to classroom teaching and
learning that is designed to engage students in relatively long-term, problem-focused, and
meaningful units of instruction that integrate concepts from a number of disciplines or
fields of study. In these environments, students engage in a continual, partially self-
directed process of inquiry and knowledge building, sharing their understandings with
other members of the “learning community” to which they each belong. Several research
groups are currently attempting to build these types of learning environments in science
classrooms.

The Cognition and Technology Group at Vanderbilt (CTGV) have developed an
approach where students are presented with complex, realistic problems that call for the
types of mathematical and scientific understandings required in real life (CTGV, 1990,

19924, 1992b, 1996). Students who complete the multimedia adventures develop
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complex problem-solving skills, such as the ability to plan solution procedures and
generate the sub-problems and sub-goals required to solve complex, mulii-step problems,

Brown and Campione (Brown, et al. 1993; Brown & Campione, 1994) have
developed a program known as Fostering a Community of Learners (FCOL). In their
learning community, members (i.e. elementary students) have expertise in different
content areas related to the curriculum. Each member is responsible for sharing their
expertise with others and for seeking out others whose expertise can further their own
understandings and knowledge.

Computer Supported Intentional Learning Environments (CSILE) is a computer
environment that stores the combined understandings of a group (e.g. all the students in a
single classroom) in a communal database (Scardamalia & Bereiter, 1996). CSILE users
can access the entire database, contribute text and graphical notes to the database, and
add comments and queries about other people’s notes. A learning community evolves as
2 natural by-product e;f the CSILE system. CSILE students report that their classroom
activities are directed more toward learning than toward completing tasks or assignments.
There is evidence from this approach that CSILE students independently pursue
collaborative knowledge-building activities (Scardamalia & Bereiter, 1996).

Schools for Thought (Lamon, et al., 1996) combines features of FCOL, CTGYV,
and CSILE and emphasizes the importance of sustained thinking about authentic
problems that form the basis of extended in-depth inquiry in domains such as science,
social studies and mathematics. Written artifacts collected from students showed a
marked increase in quality over the course of the school year for every student. Students

wrote more and organized it better {Lamon, et al., 1996). Students also showed increased
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sophistication in their views about research as a process of knowledge building rather
than knowledge telling, and they developed a good intuitive grasp of the nature and
purpose of expenmentation in science (Lamon, et al., 1996).

The Kids as Global Scientists (KGS) Program (Songer, 1997; Mistler-Jackson &
Songer, 2000} engages students in 'real-time,’ inquiry-based weather curriculum. The
project focuses on the educational potential of an Internet-based middle school weather
curriculum that begins with students collecting their own weather data, such as wind
speed and direction, cloud type, or tests for acid rain or snow. Distinctive features of the
project include: a) classroom learning that includes peer coaching and information
exchange world-wide, b) learning which can capitalize on today's science developments,
and c¢) a coordinated, yet flexible curricular shell which allows for local customization by
teachers and students at each site (Songer, 1997).

Computer as Learning Partner (CLP), developed by Linn and her colleagues (Linn
et al., 1990; Linn & Songer, 1991; Songer & Linn, 1990), provides a semester-long
integrated curriculum for middle school students to learn about heat, light and sound.
This approach begins with studenis’ naive exploratory heuristics and concepts and guides
the students through a series of predefined experiments and writing exercises, which are
designed fo challenge students’ previous beliefs. Accompanying specially developed
software, The Electronic Laboratery Notebook (E-LabBook), is designed to help students
collect, display, and explain findings.

The Learning Through Collaborative Visualization Project (CoVis) project
involves students collecting, analyzing and visualizing weather data and collaborating via

telecommunications. The program emphasizes projects that give students the opportunity
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to learn scientific concepts and procedures in practice (CoVIS, 1996). An important
project design goal is to create activities centered on more open-ended project-based
scientific inquiries that are, at least in part, born of the students own interests and situated
in the greater scientific and political world (Gomez & Gordin, 1995). Projects are
supported by the Collaboratory Notebook, a networked, multimedia knowledge-building
environment that has been designed to help students, teachers and scientists share ingquiry
over the boundaries of time and space (O'Neill & Gomez, 1994).

Each of these programs is founded upon elements of constructivist theory thought
to enhance the development of more robust scientific understanding. In this study,
another approach, project-based science, provided the constructivist environment in

which learners are thought to develop robust scientific understandings.

Project-Based Science

The teachers, in whose classrooms the research for this dissertation occurred,
employed Project-based Science as an instructional framework to restructures their high
school science curriculum. Project-based science (PBS) is a comprehensive approach
that combines research from cognitive science and motivation to focus on developing
scientific understanding by engaging students in investigations (Blumenfeld, et al., 1991).
Within the PBS framework, students pursue solutions io non-irivial problems by asking
and refining questions, debating ideas, making predictions, designing plans and/oy
experiments, collecting and analyzing data, drawing conclusions, communicating their
ideas and findings to others, asking new questions, and creating artifacts (Blumenfeld, et

al., 1991; Krajcik et al, 2000, Marx, et. al., 1997; Kraicik, et al. 1999).
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The PBS pedagogy is built around five features. These features were described
by Krajcik, et al. (1994) and include activities within projects that: a) engage students in
investigating an authentic question or problem that drives activities and organizes
concepts and principles; b) require students to develop a series of artifacts, or products,
that address the question/problem; ¢} encouage students to engage in investigations; d)
involve students, teachers, and inembers of society in a community of inquiry as they
collaborate about the problem; and e) promote students’ use of cognitive tools. These

five features are eiabm'aied below.

Driving guestions: Driving questions are the framework that situates or anchors
the content, investigations and artifacts over the course of a project. Kraicik, et al.’s,
(1994) description of PBS states that good questions or problems are a) feasible - they
can be broken down into smaller questions and students can design and perform
investigations to answer the question/problem; b) worthwhile - containing rich science
content and relating to what scientists really do; ¢) contextualized - based in the real-
world; and d) meaningful, interesting, exciting and/or important fo the learners. A crucial
design issue for PBS has been how to ensure that the project questions are educationally
rich enough that in seeking answers students must gain understanding of significant
subject matter concepts and an epistemology of inquiry. The driving question addresses
the constructivist point that students need to learn by addressing authentic problems
(Emest, 1995). They serve as conceptual organizers for the various activities that occur
during the course of a project.

The driving questions also tend to focus classroom activities in order to explore

the concepts in depth (Marx, et. al., 1997). This is consistent with the reform efforts’
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emphasis on teaching less content in order to teach it better (Rutherford, et al., 1990 p.
xi.}. There is research that relates the depth of coverage of subject matter to student
understanding of the content (Glaser, 1984; Raizen, et al., 1989). Deeper, more complex
coverage of a concept or set of concepts increases the opportunity for students to be
engaged in effective complex probiem solving (Chi, Feltovich, & Glaser, 1981; Resnick,
1987).

Investigations: In project-based science, students pursue solutions to different
questions or problems by carrying out investigations. Investigations may resemble
familiar science laboratory exercises or they may include such activities as research on
the Internet, surveying classmates or community members, or interviewing
knowledgeable collaborators. They may be designed by the teacher or an ad soc designe
by the students or collaborative teams. Key features of investigations in PBS are that
they involve students in asking and refining questions, making predictions, designing
plans, identifying resources, collecting and analyzing data, drawing conclusions, sharing
ideas, and asking new questions.

Students need to have sufficient understandings to explore information pertinent
to the problem to be successful in their project investigations. For example, students
need to use tool skills that are necessary to undertake the project {e.g., reading maps,
using a compass, or operating computer software) as well as the fools necessary to
process the information. Students need to use an array of learning, metacogaitive, and
problem-solving strategies during projects (Blumenfeld, et al., 1991). Students further
develop their understandings as they pursue solutions to different questions or problems

within the project by carrying out investigations. Teachers in PBS help students develop
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the understandings needed to carry out the project by designing benchmark activities,
structured investigations, and other classroom experiences that will provide students with
sufficient knowledge and strategic understandings to begin their investigations. (Krajcik,
Blumenfeld, Marx, Bass, Fredricks, & Soloway, 1998)

Coliaboration: Any learning community is limited by the combined knowledge of
its members. Within traditional schools, members draw on a limited knowledge capital,
the teacher. A cornerstone of the newer approaches to learning is collaboration with
students in the same classroom and in classrooms located at other sites as well as
community members. In PBS classrooms, students discuss and try out their ideas,
challenge the ideas of others, form research groups, and specialize in one or more aspecis
of the project. Telecommunications allow students to interact with a wider community of
other students, and outside science experis to share information, data, resources, and
ideas. This feature is consistent with the social constructivist foci on the role of a
learning community in facilitating understanding (O'Loughlin, 1992). Research on
collaborative learning suggests that structured small-group work results in increased
learning for the individual (e.g., Brown & Campione, 1990; Fellows, 1994; Keys, 1994;
Palincsar, et al., 1993; Roth & Roychoudhury, 1992).

Artifacts: Artifacts have been defined in a previous section. In PBS, producing
an artifact requires students to engage in many thoughtful activities: gathering data from
multiple sources, analyzing topics into subtopics, organizing diverse and contradictory
information, formulating questions, and presenting information (Lehrer, 1993; Perkins
1986; Stratford, 1995). Astifacts should be rich snough to promote both depth and

breadth of knowledge in their creation as well as demonstrate student mastery of the
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content. Blumenfeld, et al. (1991) claim that students’ freedom to generate artifacts is
critical, because it is through this process of generation that students construct their
knowledge, the doing and the learning are inextricable. Because artifacts are concrete
and explicit {e.g., a model, report, videotape, or computer program) they can be shared
and critiqued. This allows other to provide feedback and permits learners to reflect on
and extend their emergent knowledge and revise their artifacts. The creation and sharing
of artifacts makes doing project-based science like doing real science and mirrors the
performance of individuals in the work world (Krajcik, et al., 1994).

Students also construct understandings as they design their artifacts if they can do
so collaboratively (Brown, et al., 1989). Peer discussion can facilitate learners' abilities
to acquire concepts and solve problems, as members of a collaborative group attempt to

come to consensus through a process of meaning negotiation.

Cognitive tools and technology: Technologies, especially computers, are new
tools available to students in many classrooms. Constructivism emphasizes learners’ use
of cognitive tools that can help extend and amplify learners’ mental processes (Salomon,
et. al. 1991). In doing projects, students need access to information and examples or
representations that will help them to understand and use central ideas. Using technology
in PBS classrooms provides students access to data and information, promotes laboratory
investigation, and emulates tools experts use to produce artifacts. For example,
probeware enables students to collect water quality data such as pH, dissolved oxygen
(DO), temperature and conductivity with high reliability and at different time scales that

that afforded by traditional chemistry kits.
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Technology allows students to easily manipulate, construct, and revise their own
representations in several media, including text, graphic, video, and audio. Through this
process, students can develop their conceptual understandings. Technclogy can enhance
challenge, variety, and choice by providing multiple levels of tasks to match student
knowledge and proficiency, access 1o numerous sources of information that allow breadth
in project questions, and offers many possibilities for artifact production. In addition to
text, there has been an explosive growth in the use of computer multimodal and
multimedia capabilities {sound, graphs, cclor, pictures, and video). This variety provides
for representation of single concepts in multiple, simultaneous modalities which can
enhance student understanding. This technology also allows students to manipulate and
construct their own representations easily and multimodality.

These five features of PBS form the background of the instructional design and
enactment of the classrooms that participated in this study. The development of scientific
understandings is thought to occur during the dynamic interplay of students and these
features. By examining understandings that students demonstrate during a semester long
project, this study will fill in some of the gaps about the kinds of scientific

understandings that are facilitated by this type of learning environment.

Chapter 8

Ty
In this chapter, I have taken the definition of scientific understanding presented in
the Standards and expanded it with Anderson and Roth’s (1989) idea that understanding
has both structural and functional components. The literature on “understanding” has
helped define the focus of this study on a sub-set of scientific understandings: conceptual

understandings.
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The Natioral Science Education Standards (NRC 1996), in explicating a vision of
science education, have defined which conceptuoal understandings students should have at
the end of their K-12 education. The Standards also describe how assessment should be
used in schools seeking to implement this vision although “performance standards” are
not provided in the document. [ argue that artifacts, the products of student work, allow
us to make inferences about students’ scientific understandings. Artifacts alone will not
promote scientific understanding, but rather, learning environments that encourage
inquiry and value the process of artifact construction, including collaboration, review and
revision will be more likely to encourage the construction of scientific understandings
than classrooms where rote memorization is valued. However, artifacts can be useful in
assessing scientific understandings, as they are concrete representations of the
functionality of such understandings.

Furthermore, 1 argue that the Standards provide both a tool to assess
understanding and a language and frame of reference in which to communicate student
achievement in science classrooms. This assessment tool may aide teachers as they try o
implement the vision of the Standards in the classroom by providing feedback on student
progress. Different students will demonstrate understanding in different ways, and
different students will achieve different degrees of depth and breadth of understanding
depending on interest, ability, and context (NRC, 1996, Chap 5). Standards can provide a
frame of reference for teachers and educational researchers to communicate student

achievement to parents, policy makers and other educational stakeholders.
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In the next chapter, 1 outline the process used in this study to identify and describe
students’ scientific understandings using the National Science Education Standards

(NRC 1996
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CHAPTER 3

SEARCH DESIGN

In this chapter, I describe the design of this study. I begin by giving an overview
of the study. I then describe the context in which the research was situated before

providing more detail about the data collection and analysis.

Overview
This study was an investigation of the robustness of scientific understandings
acquired by students engaged in extended inquiry in project-based science classrooms.
The guiding question for this study was:
What scientific understandings do students develop in a learning
environment in which they pursue long-term investigation{s) of a

substantial question about stream ecology and produce artifacts that
represent their understandings?

In the definition of understanding presented in chapter two, scientific
understanding was defined as being a multi-dimensional continuum including elements of
both structure and function both within and between the various dimensions of
understanding. The functional component of scientific understanding was critical to this
study. If students did not use their scientific knowledge in appropriate contexts, then the
students did not demonsirate scientific understandings. An important context in which

students were expected to demonstrate their understandings was in the construction of
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artifacts. Therefore, I emploved content analysis of major student artifacts that were

thought to represent the understandings students developed in this environment. The

content analysis of the artifacts was guided by the following clusters of questions:

‘What opportunities were provided by the different artifacts for
students to express their scientific understandings?

‘What conceptual understandings (breadth and depth as mapped on to
the Standards) did students demonstrate in the artifacts?

What patterns of understandings were demonstrated by the students?
How did their levels of demonstrated understanding change across the
artifacts?

These questions helped to frame a five-step analysis process. The five steps

include:

5.

The delineation of the curriculum and mapping it onto the National
Science Education Standards.

The identification of opportunities (and expectations) to demoustrate
understanding in the selected artifacts and a pre/post test instrument.

. Analysis of student understandings in each of the measures.

Comparison of course content and artifact specifications to actual
demonstrations of understanding across the artifacts.

The examination of student understandings across time.

To show the process by which these guestions were addressed, I first describe the

nature of the learning environment to substantiate its claim to being an active learning

environment. [ then attempt to represent student understandings while simultaneously

compariag them to standards of proficiency described by science education reform

documents such as the National Science Education Standards (NRC, 1996) .
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Context

in this section, I describe the context in which this study occurs. The context
includes brief descriptions of the school, classrooms, students, teachers and researcher

and a more detailed description of the curriculum.

The School

This study was conducted in a small alternative public high school in an urban
university town {population ~100,000) in the within the Great Lakes Watershed. The
school had an enroliment of 350 full-time students and 100 part-time students from the
district’s other high schools. Admission to the school at the time of this study was
determined half by a lottery system and half by first-come, first-served enrollment.

The school’s culture promoted independence and responsibility among the
students. The campus was open for all grades with a casual climate, i.e., teachers and
other adults were called by their first names. There were no bells or intercoms and
relatively little formal pressure was placed on students to attend classes. The curriculum
is solid academically, though not high-powered. There were no advanced placement
{AP) course offerings. There was a focus on the arts {(drawing, painting, photography,
music, and dance) at the school. The school did not offer intramural athletic programs.
Most graduates attended college.

As part of a large research and development effort, the teachers in the science
program had been working with educational researchers from a local university to
develop and implement a three year, integrated, project-based science curriculum for all
students called Foundations of Science (FOS) (Huebel-Drake, Finkel, Stern, &
Mouradian, 1995). Foundations of Science (FOS) had been phased in as the mandatory
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science curriculum at this school, replacing separate earth science, biology, and chemistry
courses at the ninth (FOS-I), tenth (FOS-1I), and eleventh grade levels (FOS-TII)".
Throughout the year, students studied scientific subject matter by investigating broad
questions and creating artifacts.

During the 1993-1994 school year, the FOS program was piloted in one ninth-
grade class. The program was extended to the entire ninth grade the next year {1994~
19595) while being piloted in the tenth grade. FOS was expanded into the entire tenth
grade in 1995-96 and into the eleventh grade in 1996-97. All incoming freshmen
{n=100) were required to participate in FOS I (Foundations of Science I - The Tools of
Science) during the fall of 1996,

The 1996-97 school year also saw a change in the school scheduling system from
a seven x45 minute period day to a block-eight schedule with four 30-mimate blocks
Monday through Thursday and seven short 45 minute periods on Friday. With this
scheduling system, FOS-I met for long (90 minute) periods on Monday and Wednesday,
and for short (45 minute) periods on Friday. If the school calendar had only a four-day

week, then the Friday schedule was adjusted to mirror the missing long-period day.

The Classroom

The building was a former elementary school so classrooms were relatively small.
The FOS classroom was furnished with two-student lab tables and chairs instead of
desks. Lab counters ran the length of two sides of the classroom and provide space for

the sinks and gas jet fixtures. A large window took up the rear wall while the front wall

® A separate (non-project-based) physics course remained in the school curriculum.
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included the blackboard, projection screen, teacher’s desk and demonstration table.
Power cables and the computer network lines had been dropped from the ceiling to three
points in the center of the classroom. The students’ lab tables were arranged in clusters
around these power and network points. Student lab teams shared Hach® and Lamotte®

water testing kits, microscopes, and other basic science equipment.

The Students

All incoming freshmen plus a few transfer students in other grade levels who had

not completed the course (ng=99, 41 females) divided into four sections/blocks of

approximately 25 students each (Table 3.1.)

Table 3.1: FOS I (ninth grade) student subjects by teacher and class.

Class Block Teacher MNumber of Female “Specials™
Students Students {CARE, ICL)
1 Ms. K 23 10 (40%) 3(12%)
3 Ms L 27 14 (52%) 5(19%)
5 Ms. K. 22 7 (32%) 12 (56%)
7 Ms. L. 25 10 (40%) Nope 1D
Total 99 41 (41%) 20 (20%)

¥ “specials” refers to those students who had been identified by the school as having special needs
and were provided additional resocurces by the school.

All students agreed to participate in the study (See Appendix A for consent letter;
HSR: Enhapcing the Teaching of Science Projects, 11/94). The students had a range of
racial, academic, and socioeconomic characteristics although the majority of students

were white, middle- to upper middle-class.
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The Teachers

Two teachers each taught two sections of Foundations of Science I (FOS I} during
the semester of this study. The two teachers had different levels of both general teaching

experience and experience with the FOS program.

Ms. L.5 did her student teaching at this school, and is an alumnus of the local
university’s education program with a major in Biclogy. She joined the
school’s staff in 1990 and was one of the original architects of the FOS-1
curriculum. She had taught FOS-1 for three years before this study and prior
to that, she had three years teaching experience in this science department.

Ms. K. was newer to the FOS program, starting in 1995. She came to the school
with one year of teaching experience in chemistry and physical science at
another high school in the same school district. She had also taught biclogy,
chemistry and physics at a small university in the UK.

A National Science Foundation grant supported the common planning time for
these two teachers. Ms. L. and Ms. K. routinely planned the FOS-I class together so that
all FOS-1 students would be engaged in the same activities at approximately the same
time. They shared teaching notes and handouts. They were supported in planning and
implementation by two other experienced science teachers and by university personnel.

Two student teachers from the university’s teacher education program were also
present in the classrooms. Ms, M was placed in Ms. K.’s classes and was an active
teacher in these classes. Her background was in biology and physical science. Ms A,
with a background in biology and environmental science, was placed with one of the

other science teachers but often assisted with Ms. 1..'s classes, especially during field

trips.

® Pseudonyms are used for the teachers and student names.
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The Researcher

During the summer of 1996, I met with Ms. L. and Ms. K., the two FOS-1
teachers, to review the curriculum design for the Traver Creek Project and to assist them
with revisions they wished to make. Specifically, we revised the physical assessment
part of the creek curriculum to facilitate its integration with the biological assessments.
We discussed the sequence of instructional activities and cutlined a tentative calendar for
the semester. Throughout the semester, I continued to attend the planning sessions (~3
hours per week).

During the semester, I was in daily attendance for two of the FOS-1 blocks (one
class for each teacher). I participated in the class both as a researcher with full disclosure
to the students as to the purpose of this study and as a content specialist {(expert on
streams). [ interacted with the students if they had questions about the content or any of

the tools that they were using,

The Classroom Cultore and Curricelum

Although the physical appearance of the classroom would be familiar to science
educators, the classroom culfure and curriculum of FOS differed from a traditional
science course in several ways. First, the pedagogical approach was based upon the
Project-based science model (Blumenfeld, et al., 1991; Kraicik et al, 2000 Marx, et al.,
1997; Krajcik, et al. 1999} and each of the courses were arranged around investigations of
relevant “driving questions”. For instance, the question in FOS-1 during the fall semester,
“Is Traver Creek Ecologically Balanced?” provided students an opportunity to explore
the various biological, physical, and chemical aspects of their creek and to investigate
connections between each of these factors (Huebel-Drake, et al., 1995). The second
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semester explored the driving question: “Is our climate changing? Does it matter?”
which provided students with an opportunity to explore weather, global change and
paleoclimatic effects.

Second, virtually all work in FOS-I was done in groups of two to four students,
facilitating collaboration and communication. The teachers made the assignments to
teams to collect data on certain sections of the creek; but for other activities, students
were free to choose their own team members.

Third, the FOS-I curriculum was highly integrated with and supported by
computer technology. Students used computers as tools to gather information through
telecommunications and probeware, analyze data, express resulis graphicaily and/or
pictorially, create scientific models, and write reports. The classroom was equipped with
Apple Powerbook laptop computers, four Power Macs, an AppleTalk network connection
to a server and laser printers, and an ISDN network that connected each machine to the
Internet. A laptop computer was available for every two students and students could
check out laptops overnight.

Several computer applications were available on the PowerBooks. Claris®Works’
software was routinely used by the students and teachers for word processing, drawing
and spreadsheet functionality. FOS students also had access to a specially designed
software-suite of investigation tools. During the fall of 1996, two pieces from this suife
were used in the classroom: Riverbank and Model-1t 3.0b (Jackson, Stratford, Krajcik &

Soloway, 1996a, 1996b; Metcalf, Krajcik, & Soloway, 2000).

7 A precursor of AppleWorks
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Riverbank, a data-storage program designed to serve as a standardized tool for
collecting and assessing watershed monitoring data, allowed students to input and store
their data from site surveys, benthic analyses and physical/chemical water quality tests
and then share that data via e-mail and the World Wide Web.

Model-1t 3.0b (Metcalf, 1999) provided a dynamic modeling environment
designed specifically for learners unfamiliar with dynamic modeling, mathematical or
symbol manipulation. In this application, models consisted of objects (“things” in the
system being modeled e.g. the stream or benthic macroinvertebrates}, factors (measurable
attributes of objects, e.g. pH, temperature, diversity), and relationships between factors
(as pH decreases, diversity decreases). Objects were represented visually with photo-
realistic or graphical images. Factors were defined qualitatively with text (high to iow)
or quantitatively (pH range from 1-14). Relationships were defined with text (as
temperature increases, DO decreases), graphically or numerically. This software
employed an approach of guided learner adaptable scaffolding (learner-centered
designed), in which the learner controlled the fading of help features and the activation of
more sophisticated options with guidance and support provided by the software (Jackson,
Krajcik & Soloway, 2001) and by others in the classroom.

Instroction on computers and software use was integrated into the general science
instruction, and the teachers relied on assistance from student helpers, student teachers
and research assistants for technical and classroom assistance.

This study focused on the ninth grade, fall semester FOS-1 project on Traver
Creek, Atthe core of the Traver Creek project was the driving question: “Is Traver

Creek ecologically healthy?” This project was chosen because (1) the content was
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interdisciplinary, combining content from earth science, biology and chemistry; (2) the
project had the potential of meeting a number of science standards and state objectives;
(3) studying the creek was a meaningful, relevant activity as the creek was within
walking distance of the school and flowed into a nearby river that was the primary source
of the community’s drinking water; and (4) the project provided an opportunity to build
classroom-community connections because the local watershed council had established
an “Adopt-A-Creek” program and served as an organizer and clearinghouse for water
quality information between local citizens and government agencies throughout the
watershed.

The first class day was spent on organizational activities and the completing of a
pre-test instrument (described later in the chapter). On the second class day, students
took a walking field trip to the creek. On the way, the teachers pointed out features of the
watershed such as the storm drain, railroad tracks, parks, dam, power station, and other
land uses. Students were provided a worksheet to support their observations and note
taking. The next class day, the teachers provided more information about the area history
and clarified the assignment for students to write up. Students were given an orientation
to the computer technology in the classroom and class time to work on their essays, and
later in the week, class time for peer critique on the essays. These essays on students’
first impressions of the creek were the first artifact selected for content analysis.

The next major activity was mapping the catchment area (Stapp & Mitchell, 1995
- Activity 1.4, p 127.) using USGS topographic maps of the area. This activity had
students identifying the boundaries of the watershed, the headwaters, mouth, and

tributaries of the creek, major land uses in the catchment ares, the size of the catchment
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and the average gradient of the stream. This information was later incorporated into their
reports,

On day seven, after these orientation activities, groups of 3-5 students were
assigned a unique 30-foot (~10 meters)® section of the creek. Between the four class
sections of FOS-1, approximately 700 feet (216 m) of the stream were surveyed and
studied. Over the next three weeks, students conducted physical, biological and chemical
assessments of their sections of the stream.

Physical assessments focused on habitat components, including substrate, current,
bank attributes, vegetation, and the topography of that section. The biological assessment
involved a qualitative sampling using D-frame kick nets of the section of the stream in
order to collect the greatest diversity of benthic macro-invertebrates. The benthics were
preserved in 70% alcohol and taken back 1o the classroom where they were identified to
the level of biological order and classified as belonging to one of three pollution tolerance
groups (“taxa groups”) described in the students’ text (Mitchell & Stapp, 1994).

The chemical assessments followed the protocol for the nine water quality
parameters detailed in the Field Manual for Water Quality Monitoring (Mitchell & Stapp,
1994): percent saturation of dissolved oxygen (DO), fecal coliform bacteria counts (fc),
pH, biochemical oxygen demand (BOD), temperature (°T), total phosphates (tPOy),

nitrates (NQy), turbidity, and total solids {TS).

®Although metric units are the preferred unit of measurement in American science classes
(NRC, 1996}, English units were used in the creek project due to the data reporting
requirements of the watershed council.
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After completing the physical and biclogical assessments, students were asked to
make a presentation to the class about their 30-foot section of the creek. These
presentations were to include a summary of the physical nature of their section and a
report on the benthics found in their section. Students were encouraged to consider how
conditions up and down stream of their section might affect their findings. Students were
also encouraged to ask questions during the presentations aud to provide peer feedback
on the presentations. Following the presentations, the groups were asked to incorporate
the feedback they received and to write a report on their investigation that would be
shared with the watershed council. The reporis were written by the student teams over a
period of two weeks and were the second artifact selected for analysis.

In early November, when the reports had been completed, students were
introduced to modeling and the Model-1t 3.0b software (Jackson, 1995; Jackson, et al.,
19%6a, 1996b) using the non-content scenario: “What affects my grade in science class?”
Students worked in pairs during the practice session (one 90 min. period). Once they had
become familiar with the software, students were instructed to create a model relating the
physical and biological factors in the creek and teams were given one long (90 min.) and
one short (45 min.) class period to build their models. This set of models was the third
artifact selected for analysis.

Following the construction of the models, the focus of instruction moved away
from the physical and biclogical properties of the creek to water chemistry. For the rest
of the month, concepts such as physical and chemical changes, mixtures and solutions,

acids and bases, periodicity and the periodic table, naming elements and compounds and
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balancing chemical equations were introduced, explored, and related to the chemical tests
students had conducted at the creek earlier in the term (Appendix B).

During the summer planning sessions, the teachers had decided to have students
complete small research projects as part of the creek curriculum. But as the semester
moved along, the student research projects were dropped because of time constraints,

In December, the focus of instruction shifted back to the biological domain as the
class addressed topics on bacteria, photosynthesis and respiration. The latter two
concepts were tied to students’ prior findings about dissolved oxygen and its important
role in the creek. Students were given a mini-assignment to develop a representation
demonstrating the inter-relationship of photosynthesis and respiration in the creek.

After the winter break, a couple of class periods were spent reviewing what
students had done over the course of the semester and tying together all their findings o
determine the overall quality of the creek. Students were given their final assignment,
“build a model that demonstrates in-depth understanding of a stream ecosystem.” Before
beginning construction of their final models, students critiqued some models from the
first cycle of construction and were introduced to additional features of the Model-1t
software. Teams of students spent one week constructing these models, which were the
fourth artifact, selected for analysis. Each of the four artifacts is described in more detail
in the section on data sources.

Weather days shortened the instructional time between the winter break and the
end of the semester. The teachers had to rearrange their planned activities and the public
presentations of the final models were dropped. During the school’s final exam period,

students completed the post-test instrument.
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Over the course of the semester, students conducted physical, biological and
chemical assessments of the creek. They collaborated to make sense of their data and to
hypothesize different relationships between stream factors. They used their findings from
the assessments and data analysis to build computer models of the aguatic ecosystem and
to craft written reports to be shared with the local watershed council.

The next section describes the approach used to capture and describe students’

scientific understandings demonstrated in this environment.

Research approach

This study describes students’ scientific understandings as represented in artifacts
constructed during the Traver Creek project. The descriptions are based on content
analysis of multiple data sources, specifically the multiple artifacts produced by each
student. The Standards (NRC, 1996) were used throughout the study as the “target” for
student understandings in terms of both breadth and depth/quality of understandings. The
approach followed a five step process: (1) The delineation of the curriculum and mapping
it onto the National Science Education Standards. (2} The identification of opportunities
{(and expectations) to demonstrate understanding in each of the artifacts and the pre/post
instrument. {3) Analysis of student understandings demonstrated in each of the
assessments. {4) Comparison of course content and artifact specifications to actual
demonstrations of understanding across the artifacts. And, (5) the examination of student

understandings across time. Hach of these sieps is described below.
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and ping course content to standards

The identification of science content and process skills addressed during the creek
project began during the summer meetings with the teachers. The teachers described the
different activities that they had used in previous years and shared handouts, quizzes, and
other curricular materials. We made some revisions as described above and devised a
calendar for the project. From these meetings and materials, | was able to start mapping
the project conient onto the Standards.

Through out the semester, I made classroom observations during each of the class
periods for two sections, one section taught by each teacher. Field notes were used to
captore the major events of the day and to note particular episodes or guestions for closer
attention. A video camera was placed in one corner of the classroom and was used to
collect videotape on all classroom activities as a back up to the field notes. Observations
focused on the teacher as she introduced the project, introduced lessons, led discussions
and organized the students into working groups. Observations focused on students
during class discussions, group work and student presentations. Field notes and video
were also collected during the class excursions to the field sites at the creek. The
classroom observations in the two classrooms were used to describe the content coverage
of the project and teachers’ verbal expectations and instructions on the artifact
counstruction. These in turn were maiched to relevant Standards (Appendix B).

For example, as students began to study water chemistry in early November, they
were introduced to the scientific concepts of solutions and mixtures. These concepts
were important because some of the water chemistry tests they conducted involved

substances in solution {i.e. dissolved oxygen, nitrates, phosphates, and total solids) while
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turbidity is affected by suspensions (mixtures). In the classroom students investigated
various substances ranging from orange juice, chicken bouillon, and beans and rice to
chemical solutions made from copper sulfate or sodium chloride dissolved in hydrogen
hydroxide. Students could manipulate these substances with filters and by evaporating
small samples. These manipulations led to the next major content idea, physical vs.
chemical changes. For although mixtures and solutions can be separated by physical
means (i.e. dissolved oxygen can be forced out of sclution by raising the temperature of
the water), in water chemistry, it is often necessary to cause a chemical reaction in which
the substance of interest is chemically bound to another substance so it can be measured.
For example, the students used a modified Winker test (reduction-oxidation reaction) in
which iodine is released in proportion to the amount of oxygen. The resulting solution,
which is colored, was titrated to determine how much iodine was released, an indication
of the amount of oxygen that the water held prior to the reactions.

This part of the curriculum was basic physical science. References to solutions,
mixtures, physical changes and chemical changes are common in science textbooks,

25 46

However, “solutions,” “mixtures” and “ physical changes” are not found in the text of the
Standards® . Chemical reactions on the other hand, have a whole sub-section of the
Standards in Content Standard B — The Physical Sciences. Consequently, mapping

course content required some interpretation of the standards.

? The word “solution” does appear in Content Standard E relating to technological
designs, The word “mixture” does appear in standard C.1.1 in reference to the
compounds found in cytoplasm.
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This part of the curriculum {it into two major substandards: B.2. Structure And
Properiies Of Matter and B.3. Chemical Reactions, which are each, again divided.

Within substandard B.2 “Structure And Properties Of Matter” are six finer divisions:

B.2.1. Atoms interact with one another by transferring or sharing
electrons that are furthest from the nucleus. These cuter electrons govern
the chemical properties of the element.

B.2.2. An element is composed of a single type of atom. When elements
are listed in order according to the number of protons (called the atomic
number), repeating patterns of physical and chemical properties identify
families of elements with similar properties. This "Periodic Table" is a
consequence of the repeating pattern of outermost electrons and their
permitted energies.

B.2.3. Bonds between atoms are created when electrons are paired up by
being transferred or shared. A substance composed of a single kind of
atom is called an element. The atoms may be bonded together into
molecules or crystalline solids. A compound is formed when two or more
kinds of atoms bind together chemically.

B.24. The physical properties of compounds reflect the nature of the
interactions among its molecules. These interactions are determined by the
structure of the molecule, including the constituent atoms and the
distances and angles between them.

B.2.5. Solids, liquids, and gases differ in the distances and angles
between molecules or atoms and therefore the energy that binds them
together. In solids the structure is nearly rigid; in liquids molecules or
atoms move arcund each other but do not move apart; and in gases
molecules or atoms move almost independently of each other and are
mostly far apart.

B.26. Carbon atoms can bond to one another in chains, rings, and
branching networks to form a variety of structures, including synthetic
polymers, oils, and the large molecules essential to life.

{NRC, 1996, Chap 6)
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Standard B.2.4 was chosen for the concepts of mixtures and solutions because of iis
emphasis on the physical properties of matter. Standard B.2.4 was alsc used for content
about physical changes that involve changes of state.

The idea of chemical reactions was mapped onto the division in Standard B.3, and
in particular, B.3.1 — Chernical reactions occur all around us and B.3.3 -
Oxidation/reduction reactions. Students’ investigations of mixtures and solutions also
mapped onio the Farth and Space Science — Geochemical Cycles (Content Standard D,
NRC 1996} as students explored mixtures and solutions iu the context of water, carbon
and nutrient cycles (Appendix B).

In addition to the classroom observations, all handouts (assignments, notes,
quizzes, eic.) distributed during class were also collected. These documents were also
used to characterize the curriculum content and the teachers’ criteria for artifact
construction. This information from the classroom observations and instructional
handouts was used to map out the course content and create an analysis tool, the Matrix
of Understanding Standards (Appendix B).

This matrix was divided into sections differentiating the conceptual
understandings from other scientific understandings, but basically followed the structural
organization of the Stardards. For example, the conceptual understanding standards are
presented in the following order:

CONTENT STANDARD B: Physical Science

CONTENT STANDARD C: Life Science

CONTENT STANDARD D: Earth and Space Science

CONTENT STANDARD F: Science in Personal and Social Perspectives
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Content Standards A, E and G are not represented in the conceptual understanding
section as their standards apply to the strategic and epistemological understanding
dimensions. Table 3.2 shows a small piece of the matrix from Appendix B for discussion

purposes.

sirix of Understane

Table 3.2: Excerpt from Appenc

CONCEPTUAL UNDERETANDING STANDARDS Content Standard B: Physicsl Belence
Bl SIRUCTURE OF ATOMS Trraver Creek Curr OTL{E/0 Pre Essay Report Modet Model Post
X 1 A

B.LL Matter is made of minge particles colled atoms, [ 11/45  sirmoture of stoms 11/20 electron £

and abomms are composed of even mueller shells 11/18 video o stom Bobr models

componenis. These somponents have medsurable g

such as mass and electrical charpe,

B.12. The atom's nucles 33 coanposed of protonsand. [ chomsical vs, physical chapgss 11118 £

peastrons, which are much more massive than simple replacoment renctions. — Spot plate

cloetrons, When an cloment has atoms that differ inj lab G

the pumber of neutrons, fese aloms are called
B.1.3. The suclear forces thnt hold the mucleus of an atom E

fogether, 2t nuclear distances, are usually stronger

it the eleciric forces that would make it fly 0

apat. I\uciear repctions converf a fraction of fhe
B.1.4. Redioacti are unstable end endergo £

SpoRtENEOus nuclear Teactions, omiting pasicles

andior wavelike md:aeoa The decay af m} one 4]

oT L means ° oppormmtyto}eam * {or standards addressed by the curniculum. E/O means “Expected
in assessment” and “Observed in assessment.”

In the matrix (Table 3.2), the first column is a unique three-character code for
each standard used throughout this study as a reference for the Standards. The code for
each standard was not given in the official document but was derived by using the
Standards’ major designations (Contend Standards A-G) and then sequentially
numbering the sub-standards below each designation. The second columm in the matrix
includes the full text of each of the standards for grades 9-12 (NRC 1996), The third
column includes content that was observed during the Traver Creek proiect. The fourth,
iabeled OTL for “Opportunities to Learn,” served a database function to keep a record of
the number of standards addressed in the curriculum. Column five, labeled F/O for
“Expected and Observed” was used fo organize the analysis of which standards were

expected to be assessed in a particular artifact or instrument and whether or not it was
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observed in that assessment. The remaining columns represent each of the six
assessments used in the study. These assessments are described in the next section.

The understandings matrix was used as a major organizational tool for the content
analysis of the different measures. After mapping all expected assessments of standards,
the standards for which there was no “Opportunity to Learn” nor expected assessments
were deleted from the matrix, reducing the number of standards under analysis from 90 to
45. This abbreviated matrix was used to create a nested database with the content
standards, each of the six measures (four artifacts and the pre/post instrument) and within
each measure, the individual students who completed that assessment. The nested
database was used to record which individual’s demonstrated understandings for a
standard in each assessment and an evaluation of the level or quality of the

understanding.

Identification of content expectations inm the selected measures

Purposeful sampling was used to select which artifacts were collected for
analysis. Throughout the semester, the ninth grade students produced a plethora of
artifacts assigned by their teachers. Some of these required relatively little student effort
such as fill-in-the-blank homework assignments, summaries of reading assignments,
quizzes, activity handouts, etc. and potentially represent more knowledge recall than
understanding. Other artifacts, such as the written reports and computer models, required
a greater time investment, were constructed over a number of days, and often underwent
cycles of revision. These were the assessments where guestions and tasks could be
discussed, clarified, and even appropriately modified through discussion with the teacher
and/or the student’s peers. Therefore, because of the costs in time and effort in the
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analysis, as well as the difficulty in collecting artifacts from approximately 100 students,
I restricted the content analysis of student artifacts to those major artifacts that entailed
more effort on the part of the students and were supported by assessment criteria set by
the teachers: descriptive essays, scientific reports, and two computer models. For each
of these four artifacts, students were provided classroom time for construction and
revision over maultipie class periods. These artifacts were a substantial part of the
assessment by which the classroom teachers determined student achievement and
assigned course grades. Each of these major artifacts is described below. Table3.3
summarizes the data sources among the artifacts and pre/post test instruments that were

used to determine students’ understandings.

Table 3.3: Data sources used to determine student scientific understandings

DATA SOURCE
Class
room Pre- | Essays | Reports | Model | Model | Post-
Observ| Tests 1 2 Tests
Time (week) 1-19 i 2-3 9 11 18 19
Gr@uy Size whole | individual | individual | sm grps dyads dyads individual
class (358
Number of
artifacts (ng) 103 45 23 48 46 g7
Number of
students (ng) 103 45 B84 84 85 o7

The use of student generated artifacts for content analysis was a relatively non-

reactive and unobtrusive form of data collection (Jones, 1985). It used data generated as

a by-product of other endeavors and/or data collected for other purposes; in this case data

¥ There were 96 students who completed both pre and post tests, three students dropped
the class after the first month and so their data were eliminated from the analysis.
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produced for the purpose of teacher assessment of student cutcomes. In addition, the
selected artifacts were constructed at different points during the semester, interspersed
with periods of instruction and investigation. Thus, they may reveal a developmental
sequence of understandings.

The analysis of artifacts and the pre/post tests examined the opportunities and
constraints provided by the task structure and media of the different artifacts for students
to express their scientific understandings. This analysis sought the answer to the first
research question: “What opportunities are provided by the different artifacts for students
to express their scientific understandings?” To address this question and to quide the

analysis, four subguestions were created.

¢« How much of the course content can be potentially represented by
each artifact?

e How much of the course content is represented by the set of artifacts?
*  Which parts of the curriculum are not represented by the artifacts?

¢ Are some constructs over-represented and others under-represented by
the set of artifacts?

The analysis of artifact expectations and opportunities included close examination
of written materials such as project guidelines and handouts, assessment criteria
presented by the teachers, teacher explanations in class, and the capabilities and features
of the techuology employed in the artifact construction (e.g. ClarisWorks spreadsheets
and charts for the report and features of Model-It for the creation of the computer
models.).

The analysis of artifact expectations used the matrix of understanding standards

{Appendix B). The nature of each artifact was examined and the standards in the matrix
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that it explicitly and implicitly addressed (E for expected standards) were identified. An

example of this process in provided below in the essay section.

Descriptive Essays

The descriptive essays were based on students’ first visit to the creck. These
essays represent students’ initial perceptions of the creek and their connections of this
experience to prior knowledge as well as demonstrations of epistemological and strategic
understandings in presenting and supporting a hypothesis. Students were supported in
the essay creation by the provision of note taking sheets during the initial site visit (Note-
taking assignment at Traver Creek) and a handout specifying the criteria for the essays
{Appendix C).

In the instructions, students were asked to write a six {0 seven paragraph essay. In
the first paragraph, they should describe the location of Traver Creek and their purpose
for visiting it. They were also asked to make a thesis statement about the creek, defined
as a judgment about the creek and the surrounding area (Handout text — Appendix C). In
the body of the essay, students were o expand upon three areas of observation: the
general surroundings, the creek’s banks and the creek itself, providing details in each
section to support their thesis.

There were numerous opportunities for demonstrating understandings in this
assignment. Specifically, the essay assignment provided opportunities to demonstrate
conceptual understandings about the use of resources {(F.3.1) and natural systems (F.3.3)
related to land use and human impacts such as poliution on the watershed (C.A4.5 and
F.6.5). Students could also write about interactions among earth systems {(D.3.3) such as

the effects of weather and erosion (F.5.3) on organisms and habitais in the creek. Toa
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iesser extent, they might convey understandings about the organization of the biological
organisms of the creek (C.3.5), the effect of sun and shading (D.1.1) and how their own
personal actions might impact the creek or how the creek impressed them (F.1.3). Other
conceptual scientific understandings could be expressed in the essays even though they
were not expressly specified by the task. An example of such an understanding would be
if students included concepts of photosyathesis and respiration (C.5.2) in the description
of how shading might affect the creek.

Students had in-class time for peer critigue of their essays and to make revisions.
Photocopies of the essays were made for research purposes. These essays represent

artifacts created by individuals (Table 3.3).

Scientific Reports

The scientific reports on the benthic and physical assessments were assigned after
the data was collected and analyzed by student groups toward the middle of the project.
Students were grouped heterogeneously by the teacher and assigned to specific 30-foot
sections of the creek. Ms. L. and Ms. K. informed the students that their data, in the form
of reports, would be sent to the local Watershed Council.

Students were given a detailed handout (Appendix D) describing the parts of their
reports. This handout was reviewed during class time on October 21% and additional
examples were given. The details include very specific instructions and check lists. For

example, for the report introduction, students were directed as follows:

INTRODUCTION (About 2 paragraphs)

The introduction should provide a context for the topic under
study. The introduction provides the background necessary to understand
the rest of the report. In addition the introduction should provide a concise
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statement of the problem. That is, tell precisely what questions you are
trying to answer.

Suggestions for what you should have in the infroduction:

___What question were you trying to answer about Traver Creek?
__ A description of what benthic organisms are and why they are used
as indicators of health for the creek.

A description of physical forces that influence the benthic
community. (Class handout 10/21/96 — Appendix D.)

Just in this short piece of the assignment, it is possible to identify multiple matches to the
standards. The descriptions “of what benthic organisms are” map onto standard C.3.5
(biological classification)’' . Why benthics are used as indicators of a healthy creek
maps onto standard C.5.5 (niches and environmental tolerances). The description of the
physical forces that influence the benthic community maps onto standards D.3.3
(inferactions in earth systems) and C.5.5 (niches). The remaining standards assessed in
this artifact and the specific opportunities provided by the remaining measures are
discussed in the findings in Chapter Four,

Students were first directed to write up the titles, introductions and discussion
sections as individual homework assignments and to bring those pieces to work on
together as a team during the next class period. Second, students were asked to write the
methods and results sections as a team in class. Teams then divided the different sections
of the report and assigned members to write the different pieces and a second member to
revise each piece.

Final copies of the group reports were collected and photocopies made for

research analysis.
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Computer Models I and 2

During the Traver Creek project, there were two cycles of computer modeling
using Model-1t 3.0b. The first model chosen for content analysis represented the
integration of subject matter knowledge across the first nine weeks of the project. The
second model represented content integration across the entire project. In both cycles of
modeling, most students worked in pairs.

During the first model building cycle (Nov. 4-8), students were given one long
(90 min.} and one short (45 min.) class period to build a model of the physical and
biological factors in the study creek and to test their models. The handout (Appendix E)
specified that ...

Y our model must convincingly demonstrate your understanding of the

physical factors you’ve chosen to model and how they relate to the

benthics. Make sure that you fill out a plan, describe each object and

factor, explain each relationship, test your model as you go along, and

evaluate it at the end. (Emphasis in original - Class Handout 11/4/1996 -
Appendix E)

In building the model, students had available a selection of clip art images and digital

photos of their study site on the classroom server as attested by further instractions in the

class handout.

Once vou have some ideas, you're ready to start building a model. On the
server, in the FOS1 folder, there are files with pictures of different

sections of the stream, and of different kinds of benthics, for you to use in
your model. Make sure you drag the picture files onto the desktop of yvour

' Benthic Macro-Invertebrates or BMI’s include orders of insects (mayflies, stoneflies,
odonates, hemipterans, dipteans, etc.), crustaceans (isopods, amphipods, crayfish),
mollusces (snails, clams, limpets), and annelids (tubifex, aquacitc worims, leeches).
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powerbook before opening them, so you don’t tie up the server. (Emphasis
in original - Class Handout 11/4/1996 — Appendix E)

The second modeling cycle occurred at the end of the semester. For this
assignment, students were asked to build a model that demonstrated in-depth
understanding of a stream ecosystem and that included physical, chemical, and biological
factors of the stream. The assignment sheet (Appendix F) was handed out on January 8"
and final models were due January 17th. Students had access to the same folder of images
and clip art on the class server as for the first assignment.

Students saved their completed computer models to the classroom server. These
files were then copied and collected for analysis. Printouts of each model, which include
students’ plans, goals, descriptions of factors and objects, explanations of relationships,
and the student’s evaluations of their models were made. Only the final versions of the

models were analyzed.

PreiPost Test Instruments

A pre-/post-test instrument was constructed to examine students’ scientific
understandings before and after the semester long project. The pre/post test instrument
(Appendices G & H) consisted of 31 questions across the Traver Creek curricnlum,
Some of these questions included multiple parts for a total of 66 items. The instrument
included Likert scale rankings, multiple-choice items, agree/disagree statements with
explanations, constructed responses, hypothetical actions based on scenarios and a
concept map. The instrument items were drawn from a prior study involving stream
investigations (Talsma, 1992) and teacher generated questions from quizzes and exams

used during the creek project in previous years.
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The test instrument was constructed in collaboration with the teachers, Ms. L and
Ms. K, to represent content across the semester. The test items were then mapped onto
the Standards. The Standards measured by the pre/post instrument were included in the
standards matrix {(Appendix B).

Most short response questions addressed only one standard with two or more
questions addressing that standard. The longer constructed response questions often
addressed two or more standards within a single question, For example, in response {o

question 15:

15. What would happen if extra phosphates enter the creek? Describe
this process in terms of photosynthesis, cellular respiration, Dissolved
oxygen (DO) and Biochemical Oxygen Demand (BOD). Include any
relevant chemical equations in your answer. (pre-post instrument,
Appendices G & H)

A complete answer would contain understandings that would map onto multiple

conceptual standards as in the following example:

Extra phosphates might come from human wastes, animal wastes,
fertilizers, human disturbance of land & vegetation, or draining of
wetlands™®, Phosphates are a plant nutrient (fertilizer) ™. In Aquatic
systems, phosphates are often limited. Extra phosphates in the creek will
cause algae to grow. Rapid or exponential growth is also known as an
algal bloom.®*? Algae carry out photosynthesis (fix energy in the form of
carbon in the presence of sunlight} (6C072 + 6 Ho0 ==> CgH 1206 +
£(0n.) More algae carrying out Ps means more oxygen will be produced
during the day (increased dissolved oxygen or DO}.“* Algae (like most
living things) carry out cellular respiration (CaH120g + 607 ==> 6C0O2
+ 6 Hz0). Atnight, use of Q7 exceeds production and DO drops'“??.
After the phosphates are used up, the alga dies and begins to decompose.
Decomposition by bacteria requires DO (= BOD) and so DO levels drop
further. This process uses aerobic respiration and energy is released >V,
Other living things (e.g. benthics) may be affected by the changing DO
levels. E.g., Taxa 1 organisms such as mayflies cannot survive in low DO
waters 9, (Answer generated by content specialist, Sept. 1996)
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Figure 3.1 shows how the statements above, annotated with the Standards’ codes, match

F

Question 15,

re 3.1: Example of mapping standards onto a response to Pre/Post Test

15. What would happen if extra phosphates enter the creek? Describe this
process in terms of photosynthesis, cellular respiration, Dissolved gxygen (DO)

and Biochemica! Oxygen Demand (BOD).

Conceptual Understanding

Standards

Unders

dings represented in

response

C.5.1 - All matter tends toward more
disorganized states. With death and the
cessation of energy input, living things rapidly
disintegrate.

After the phosphates are used up, the algae dies
and begins to decompose. Decomposition by
bacteria requires DO (= increasing BOD) and so
DO levels drop further. This process uses
aerobic respiratiop and energy is released.

C.5.2: The energy for life primarily derives
from the sun. Planis capture energy by
zbsorbing light and using it to form strong
{covalent) chemical bonds between the atoms
of carbon-coniaining (organic) molecules. In
addition, the energy stored in bonds between
the atoms {chemical energy} can be used as
sources of energy for life processes.

Algae carry out photosynthesis {fix energy in the
form of carbon in the presence of sunlight (6C0O2
+ 6 H20 ==> C6H1206 +602.) More algae
carrying out Ps means more oxygen will be
produced during the day than is consumed
(increased DO)

Algae (like most living things) carry out cellular
respiration using O2 to release energy.
{(COH1206 + 602 ==> 6C02 + 6 H2O). At
night, use of 02 exceeds production and DO
drops.

C.5.5 The distnbution and abundance of
organisms and populations in ecosystems are
limited by the availability of matter and energy
and the ability of the ecosysiem 1o recycle
materials.

Phosphates are a plant nutrient (fertilizer). In
Aquatic systems, phosphates are often limited.
Adding phosphates means that more algae will
SIOW.

Other living things {e.g. benthics) may be
affected by the changing DO levels. i.e. Taxa 1
organisms {e.g. mayllies) canmot survive in low
DO waters

¥.2.1. Populations grow or decline through the
combined effecis of births and deaths, and
through emigration and immigration.
Populations can increase through linear or
gxponential growth, with effects on resource
use and environmental polluton.

Exira phosphates in the creek will cause algae 1o
grow. Rapid or exponential growth is also known
as an algal bioom

F.5.2. Human activities can enhance potential
for hazards. Acquisition of resources, urban
growth, and waste disposal can accelerate rates
of natural change.

Exira phosphates might come from human
wasies, animal wastes, fertilizers, human
disturbance of land & vegetation, or draining of
wetlands

up with the actual content of the Standards. As illustrated in this example, explicit

standards specified by this question include standards C.5.1, C.5.2, C.5.5, and F.2.1.
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Standard F.5.2, which deals with human sources of phosphates, was not explicitly
addressed by the question, but still may be included in student’s answers.

Two versions of the pre/post instrument were constructed (Form A — Appendix G
and Form B — Appendix H). The two forms were randomly distributed to students on the
first day of class. The two versions of the instrument were compared using t-tests (o =
.05) on both individual items and responses collapsed across standards for both the
pretest and the posttest. Upon finding no statistical difference between instrument forms,
forms A and B were treated as a single data source in subsequent analyses. Students who
completed Form-A on the pre-test were given Form-B for the post-test. Students who
completed Form-B as the pre-test completed Form-A for the post-test.

The content analysis of student responses in the individual artifacts is described in

the next sections.

Analyzing Student Artifacts for Conceptual Understandings

In general, the content analysis of artifacts involved careful examination of the
artifact, scanning and re-scanning the artifact to identify understandings that matched one
or more of the Standards (NRC, 1996). The expected standards for an artifact, as noted in
the Standards matrix {Appendix B) helped to focus the search, but identification included
all understandings that could be mapped onto any of the 45 concepiual standards
addressed by the curriculum. Conceptual understandings were inferred especially from
student descriptions and explanations of phenomena. Once the standards were identified
and noted in the matrix, another reading of the artifact was used to score the quality of the

understanding. A four level (0-3) coding scheme, adapted from Stratford (1996}, was
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used to classify the “guality” of the understandings for Standards B, C, D and F. These
levels included:
Level 3: Explanation is scientifically correct to the level used in the
National Science Education Standards (NRC, 1996) and contains no
extraneous or incorrect ideas, statements concur with expert

propositions (proficient or mastery level).”

Level 2: Explanation is partially correct but contains some extraneous
and/or incorrect information (developing).

Level 1: Explanation contains substantial errors or fundamental differences
between the students' and expert's conceptions as depicted in the
Standards (non-scientific or novice).

Level O: Student did not provide an explanation. OR, if some response is
given, it does not evidence understanding, perhaps nonsensical (no
evidence)
The quality levels of understanding were then also recorded in the matrix tool. Because
these four levels represent an ordinal scale, non-parametric statistics were used for
subsequent analysis, which will be described in a later section. In the following

paragraphs, | provide more detailed examples of the content analysis of the students’

artifacts and the pre/post test instrument.

Essays and Scientific Reports

Students’ essays and scientific reports were analyzed through careful reading and
then mapping of text contents onio the standards in the matrix (Appendix B).
Understandings were identified when two or more ideas were connected. Thus, lists of

observations that closely resemble the note taking assignment were not counted as

j ¥

* Note that a Level 3 code does not represent the highest quality of understanding. A
content specialist would naturally demonstrate higher levels of understanding. The level
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understandings. But when students made connections between two or more ideas, like
shade affecting the level of dissolved oxygen in the creek, these were considered
evidence of understanding and mapped onto the appropriate standards (e.g. B.2.5 and
D.3.3).

After all the standards were identified, the quality of understanding for each
standard was determined according to the coding schema above using a conservative
approach. For example, if a student wrote, “We found high levels of dissclved oxygen in
our section of the creek. We think this might be because we had a lot of shade in our
section.” This statement would be scored as Level 1 for B.2.5 dealing with gas solubility
because there is no explanation of causality and Level 2 for standard D.3.3 for identifving
an interaction between earth systems (biotic shade influencing an abiotic factor.). If

instead the students had written:

We found high levels of dissolved oxygen in our section of the creek. We
think this might be because we had a lot of shade in our section. Trees
create shade which biocks the sun from reaching the creek. Because the
water is shaded from the sun, it doesn’t warm up as much. And cooler
waters can hold more dissolved oxygen than warm waters. {Hypothetical
example)

They would reveal a2 more robust understanding of the relationship between trees, shade,
temperature, and dissolved oxygen. The second example would map onto standard D.1.1
- Sun as source of energy - Level 3, D.3.3 - interaction of earth systems - Level 3 (shade

influences water temperature and thus DO levels), and B.2.5 - gas solubility - Level 2. A

3 represents a threshold value for the quality of scientific understanding expected of high
school graduates in the National Science Education Standards (NRC, 1996).
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B.2.5 Level 3 would be recorded if a student had correctly explained why warm waters
hold less dissolved gases than cool waters.

All understandings identified in the written artifacts were recorded in the
standards matrix (Appendix B). Examples of student work are included in the analysis
in chapter 4. Where explanatory comments were deemed necessary, they are indicated in
the quotes from student work by the square parenthesis, e.g. [comment]. However, most
of the misspellings and grammatical errors were not emphasized with the [sic]
designation. Since the examples of student work were copied electronically from their

original artifacts, uses of creative spelling should be considered the students’ work.

Computer Models

In the students’ computer models, conceptual understandings were identified in
student’s descriptions of factors, relationships between factors and explanations for those
relationships similar in scope to the identification of understandings in the essays and
reports. A relatively simple model created by Chase, a student in Block 3, illustrates how

student understandings were identified and characterized in their models.

Chase’s Model of the Effects of Forest Fires

For his final model, Chase, a male student working alone (Field notes 1/8/97
FOS-B3) decided that he wanted to create of model “to show how a forest fire would
affect various characteristics of the creek.” In the planning of his model, Chase stated his
purpose and defined his problem and he began to plan the model by filling out the fields

in the planning window of the Model-It software (Figure 3.2). The scientific
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understanding demonstrated in this part of the model map onto non-conceptual
understanding standards.

Chase required a little assistance in manipulating the software during the
beginning of the building phase until he regained familiarity (Field notes 1/11/97 FOS-
B3). He then proceeded to construct a model with three objects, six factors, and nine
relationships (Figure 3.3). In the descriptions of the factors and relationships, Chase
demonstrated his conceptual understanding. For example, in his creation of the factor,
"stream: total solids" (Figure 3.4), Chase demonstrated his conceptual understanding of
this stream factor in two ways: first in his description of the factor, “Total solids are the
dissolved matireals [sic] and the suspended matireals [sic]” and in his definition of the
range, quantitatively from 0 to 500 mg/i.. Since both Chase’s description and his defined
range are scientifically accurate, and because this understanding of total solids maps onto
the standard on states of matter/muixtures and solutions (B.2.5), Chase’s conceptual
understanding on this standard was coded at Level 3.

Chase also demonstrated his conceptual understandings in building the factors and
the relationships between factors. For example, in the relationship between total solids
and water quality (Figure 3.4), Chase demonstrates a high degree of ynderstanding (Level
3} in three areas: he has created a scientifically accurate relationship (Mitchell & Stapp,
1994 Chart 9: Total Solids (TS) Test Results, p. 84.); he has provided an accurate
explanation for this relationship (Mitchell & Stapp, 1994, p. 71) and he has provided an
elaborate explanation by listing more than one or two causes. Chase has actually listed
four reasons: the reduction of water clarity due to increasing turbidity, a decrease in

photosynthesis rates caused by a reduction in sunlight penetration, the possibility that
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3.3: The “Build” window for Chase’s Model. The factor map is on the left.
The notepad on the right lists a summary of the objects, factors and
relationships that have been built. Selecting one of these features (e.g. fire)

causes Chase’s description or exp
the notepad.

ation {o be called up in the lower box of
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Figure 3.4: The relationship editor for the relationship Chase created between
streamstotal solids and stream:water quatity. In this rejationsiup, Chase ias
built a quantitative relationship using the table view option and then clicking
on the graph. His explanation is both scientifically accurate and elaborate in
that he includes more than one causal reason for the decrease in water
quality (D.3.3 Interactions of Earth systems Level 3).

these materials will bind to pollutants, and an increase of stream temperature caused by
the absorption of sun energy of the total solids (Figure 3.4). The content of this
relationship maps onto Standard D.3.3 - Interactions of Earth Systems. Chase’s
demonstration of his understanding of this content standard was coded at Level 3,
matching the expectations of the science standards.

In the earth and space sciences, Chase’s model also addresses Standard D.1.1 -
Sources of Energy. This understanding was demonstrated in three relationships:
stream:tribuity [turbidity] affects stream:temp{ature], Fire:%bumed affects
sunlight:sunlight, and sunlight:sunlight affects stream:temp (Figure 3.5). In these three

relationships, while the overall sense of the relationships is correct, there are some erross.
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For example in the relationship between Fire:%burned and sunlight:sunlight, the shape of
the relationship should be “increases by a little” not by “more and more.”

Chase has defined the initial amount of sunlight with no fires in the watershed at
50 and the initial amount of fire at 0%, but choosing the relationship “more and more”
resets the value of sunlight to 0, a fact that he recognizes in the end when evaluating his
model but one that he doesn’t correct. In addition, the banks of the stream comprise only
a small part of the watershed that is burned, but this is the only area that would be
shading the stream and thus affecting sunlight. Therefore, although a large amount of the
watershed might burn, a much smaller percent of that affects the sunlight reaching the
stream, thus sunlight increases by a little.. Anocther relationship, between sunlight and
temperature (Figure 3.5), lacks an explanation. For these reasons, Chase’s demonstrated

understandings along Standard D.1.1 were coded at Level 2.

RELATIONSHIP: (Direct)

stream : iribuity affects stream : temp.

As stream : tribuity increases, stream : temp. INCREASES by A LITTLE.
Explanation: waters become warmer 2s suspended partcles absorb heat from sunlight.

RELATIONSHIP: (Direct)

Fire : % burned affects sunlight : sunlight

Ag Fire : % burned increases, sunlight ! sunlight INCREASES by MORE AND MORE
Explanation: be sunlight is blocked by the irees when irees burn the sunlight can be absorbed by the
water.

RELATIONSHIP: (Direct)

sunlight : sunlight affecis stream : temp.

As sunlight : sunlight increases, stream : temp. INCREASES by ABOUT THE SAME.
Explanation: <Click on an object, factor, or relationship in the list above 1o see it description o7
explanation.>

Figure 3.5: Chases' relationships, which demonstrate
as a source of energy (Standard D.1.1).

is understanding of the sun

Chase's model included factors and content from the physical and chemical

assessment of the creek. His model did not explicitly include biological factors, which
P ¥ g
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were part of the assignment, resulting in a lower assessment by the teachers who used the
assigment criteria as a grading rubric. Never the less, Chase's overall model showed an

elegance and parsimony that explained the essential effects of a forest fire on the creek.

Pre-{Post-tests

Each item on the pre/post tests was individually scored. Constrained responses
(e.g. multiple choice) were scored as correct (Level 3) or incorrect/no response (Level 0).
Constructed responses were scored by mapping student responses onto the standards and
then coding for level of scientific understanding using the four leve! scale cutlined above.
Table 3.4 iliustrates how students’ responses to question 15 on the posttest were mapped

onto the standards and then coded for level of understanding.

The responses by Kelly and Kiley (Table 3.4) show text that can be mapped onto
five different standards, while Mack’s response barely touches upon one standard (C.5.2 -
photosynthesis). Kelly’s responses are more elaborate and more closely match the
standards than Kiley’s (see Expert’s responses and standards in Figure 3.1 on page 90}
and so were accorded higher ratings. As with the artifacts, all understandings were

recorded in the data matrix,
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Table 3.4: Selected Student responses to Question 15 on the posttest.

Student Responses with standard codes a Standar | Under-
C.5.1 —entropy, £.5.2 - photosynthesis, C.5.5 - niches, d codes | standing
F.2.1 - population growth, F.52 ~ human impacts Levels

Through urban run-cff, the phosphates would enter the creek, #52) .51 3

Phosphates cause excessive plant growth 25 which through a nurmber C52 3
of steps depleats the oxygen level, ©30 Photosynthesis (H20 + CO2 —> 55 3
CEHI206 + O2) is the process which green plants use to make energy

from the sun's light. When more plant are there to photogynthesize, F2.1 2
During the day the DO levels increase™*?  However, during the night Fs52 2
when there 15 no sun 1o help produce more oxygen and cellular respiration

{(C6H1206 + G2 H20 + COZ + ATP) is oceurring, the DO levels go

down. ©*? More plants start dying. and the BOD goes up, because there

is 50 much more dead material in need of being decomposed. €39 50 the

oxygen levels go down and Taxa #1 organisms also begin dying, because

they need higher oxygen tevels & (Kelly B3-11/45F)

if extra phosphates enter the creek then cultural eutrophication C.5.1 2
occurs T2 More plant would grow, F2h during photosynthesis they C.52 5
produce more DO which in turn would attrack{sic, attract] more -
animals.“>? The animals use cellular repiration which produces €35 2
Cc02“3® Then the cycle would continue until the phosphates F21 1
dissappear., When the phosphates dissappear the plants die™>Y When F52 1
the plants die, the bacteria break them down, using up the O2 teft. (S

The BOD goes up but with less OZ the animals start to die too. (55

(Kiley B3-03/115)

If xtra phosphates entered the water the the D.O. could go down and lots .51 ¢
of stuff would change. €32 1 don't really how Xira phosphates would C.52 i
effect alt of that. (Mack B3-09)

C.5.5 0
F2.1 0

Statistical Ay

sis of Student Understandings in Artifacts

Because students’ understandings were evaluated on a four level ordinal scale,
non-parametric statistics were used for data analysis. An individual student’s
understandings within a standard were computed by taking the median score {or all items
that applied to that standard within a given artifact. The student’s overall understanding
for the standard area was determined by using their median score as an indication of

central tendency.
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A second educational researcher provided inter-rater reliability on the artifact
scoring. After instruction in the basics of stream related scientific understandings, an
introduction to the scoring guide, and a few practice artifacts, the second researcher and 1
independently scored a subset (~10%) of the artifacts. Pearson product-moment
correlation coefficients were calculated for agreement on each standard scored in a
particular measure. Inter-rater reliability on conceptual understanding standards included
a fairly high range (0.837 <1< 0.958) or (.70 <2 < .92). With a high inter-rater
reliability indicated, the primary researcher proceeded to independently score the

remaining artifacts.

Comparison of course content and artifact specifications to actual demonstrations of
understanding across the artifacts

The number of occurrences of understanding for each standard for each data
source was determined and the frequency of demonstrated understandings at each level
(13,12, L1 and LO) was calculated for that data source. Analysis of the data matrices
{Appendix I) revealed which constructs were demonstrated with understanding by the
students and at what frequency through each of the different artifacts. This tool allowed
an analysis of the range of understandings demonstrated in each of the different artifacts
by looking at the whole set of student responses. Examination of the frequency patterns
in the matrices was used to determine if the array of measures {(artifacts) was sufficient to
assess student understandings of the enacted curriculum and to determine if there were
patterns of demonstrated understandings {e.g. some constructs are over represented and

others are missing from the assessment pieces).
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Analysis of Student Under

igs across 1ime

The analysis of individual student understandings was accomplished by using the
raw data of standards and levels of understanding described above in step three, a total of
7,687 demonstrations of understanding. Step five analysis was conducted at the
individual level as students demonstrated understandings of each standard throughout the
project. This analysis was used to answer the third research question: “What patterns of
understandings were demonstrated by the students? How did their levels of demonstrated
understanding change across the artifacts and the semester?” Part of this questions was a
concern that students would “specialize” or consistently display understandings around
the same content across the different artifacts rather than demonsirating different
understandings.

Since some of the measures were completed by individuals and others by groups
of two to five students (see Table 3.3), 2 critical assumption had to be made in the
analysis of individual understandings. This assumption, based on an ideal world, was
that the demonstrated understandings in an artifact could be attributed to all authors of
that artifact., For example, if a report provided evidence of a Level 2 understanding about
gas solubility (B.2.5), all of the students whose names were on that report were recorded
as demonstrating a Level 2 understanding for standard B.2.5. The check and balance on
this assumption was the pra/post tests, which were completed by individuals. By
employing this assumption, it was possible to do a student-by-student, measure-by-
measure, standard-by-standard analysis of demonstrated understandings across the

semester curriculum. For example, a student’s understanding of species competition
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(Standard C.4.3) could be tracked from pre-test to essay to report to models 1 and 2 and
finaliy to the post-test,

The Sign-test was used for the analysis of student achievement across artifacts.
This basic statistical test can be used with non-parametric data such as the ordinal scale
used to denote levels of understandings in this study. The Sign-test was used with
matched pairs of observations and tested the null hypothesis of no difference in the
matched observations.

As its name suggests, the Sign-test is based on the signs of the response
differences, that is, the difference between an understanding demonstrated on one
measurement compared to a prior measurement. In a pre/post test measurement, if the
treatment has no effect on developing that understanding, the response difference D; in
each pair is as likely to be positive as it is to be negative and the null hypothesis can be
stated as Hy: Pl+] = .5 = PI-] However, if students are developing understanding, then
the difference between a given measurement and an earlier measurement should be
positive (Hy: Pl+] > .5 ). The Sign-test measures the number of positive results, and large
numbers of positive differences are expected to fall outside the range of the null
hypothesis for a given confidence level (in this study O = .05) (Bhatiacharyva & Johnson,
1977).

MYSTAT (Wilkivson & Bierknes, 1989) was used to compute the Sign-test on all
pairs of variables, omitting zero values. It is important to note that the pairs of variables
consisted of a measure of understanding and the previous time understanding on that
standard was recorded. For example, on standard C.4.3 related to biological competition,

“Jane” may have demonstrated this nunderstanding in all six measures. “Dick” may
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address it in only four of the six measures (e.g. pre and post tests, report and model 1).
Moreover, “Sally’s” understanding of this content may only be assessed on the pre and
posttest. The Sign-test for Jane would compare her understanding of competition on the
pre-test o the essay, from the essay to the report, from the report to model 1, from model
1 to model 2, and from model 2 to the post test while the sign-test for Sally would only
compare pre and post fest scores. Thus, the Sign-test allowed a determination of whether
or not scientific understandings were increasing along a particular standard over the
course of the semester by looking for signs of positive change within students within
particular standards. The outcomes of the Sign-tests are reported as probabilities in the
data tables in Chapter Four.

In addition to the Sign —tests used to compare student achievement across

rneasures, the Wilcoxan non-parametric sign-rank fest was used to compare students’ pre

and posttest achievement as a class (0= .05).

Su

ry of Research Design

In this chapter, [ have described the context of the school and curriculum in which
this study is situated. I have also described each of the student artifacts and data sources
which were subjected to content analysis and how that analysis was preformed using the
National Science Education Standards (NRC, 1996). The five steps of the analysis
included: (1) The delineation of the curriculum and mapping it onto the National Science
Education Standards (NRC, 1996}, {(2) The identification of opportunities (and
expectations) to demonstrate understanding in each of the selected measures. (3) Analysis

of student understandings in each of the measures. (4) Comparison of course content and
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artifact specifications to actual demonstrations of understanding across the artifacts. And
(5) the examination of student understandings across time. In the next chapter, | report

the findings of those analyses.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

FINDINGS: CONTENT, STAI

JARDS, AND STUDENT UNDERSTANDINGS

This chapter, describing the match between the curriculum, student under-
standings, and the National Science Education Standards (NRC 1996), is organized based
on the steps of the research design described in Chapter 3. The mapping of the Traver
Creek curriculum (step 1) and the content specified in the assessed artifacts (step 2) onto
the Standards is discussed first. Then the specific understandings disclosed in the
students’ artifacts (step 3) are reported and deliberated. In the final section, the results of
the fourth and fifth lines of analysis, comparing understandings demonstrated across

artifacts and across time, are presented and discussed.

The Match between the Standards, Course Content and Artifact specifications

There are 126 high school science standards explicated in the National Science
Education Standards (Chapter 6, NRC, 1996). These 126 standards include ninety (90)
that can be classified as addressing conceptual understandings (Standards B, C, D& F,
Appendix B). The Traver Creek Project in Foundations of Science-1 is an inter-
disciplinary science curriculum that includes content from earth science, biclogy and
chemistry. When mapped onto the Standards, the creek curriculum was found to address
forty-five (45) conceptual understanding standards at the high school level, half of the

content explicated by the Standards as being important for students to understand (Table

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 and Appendix B). These were distributed across the four major content standards of
B-Physical Science, C-Life Science, D-Earth and Space Science and F- Science in
Personal and Social Perspectives as summarized in Table 4.1. The creek curriculum also
explicitly and implicitly addresses Standards about the nature of science and the
processes of doing science.

Although the curriculum content is relatively balanced between earth science,
biology, and chemistry (see description in Chapter 3), this balance is not evident when
looking at the number of standards addressed. When mapped onto the Standards, the
Traver Creek Curriculum appears heavily weighted toward the Life Sciences (19in

Standard C) and Environmental Sciences (11 in Standard F) (Table 4.1).

Table 4.1: The Traver Creek Project curriculum addresses National Science
Education Standards (NRC, 1996) across the four science content areas of

conceptual understandin
MNumber Number | Number
Major NRC standards addressed by the Creek |ofNSES |en assessed in
Project in &E.’ae Prefpost | artifacts
profect Tests
Conceptual Understandings 48 17 23
Standard B: Physical Science 11 4 2
Standard C: Life Science 19 ] 10
Standard D: Earth and Space Science 4 3 4
Standard F: Science in Personal and Social Perspeciives i1 3 7

The apparent imbalance in Standards is due, in part, to how well the content is
delineated among the different substandards in each section. For example, in the Life
Sciences, standard C.4 addresses the interdependence of organisms and there are five
objectives that differentiate the various kinds of interactions (Appendix B). Al five
substandards match content addressed in the creek project during the three weeks that
were focused on the creek as an ecosystem. In contrast, over three weeks of classroom
time were also devoted to introductory chemistry (atoms, compounds, simple reactions,
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etc.). Yetonly two of the five sub-standards under B.3 Chemical Reactions applied to
this project (Appendix B). Likewise in Standard D on Earth and Space Science, weather
phenomena, which were addressed in the context that weather impacts a watershed
through flooding, drought, seasonal changes, etc., were only tangentially addressed in
three standards (D.1.1, D.2.1 and D.3.3)"” (Appendix B).

The curricular standards that were assessed in the four artifacts and the prefpost
tests formed a subset of the standards addressed by the project. The standards addressed

by the different measurement methods are examined next.

Standards assessed in the Avtifacts.

Of the 45 conceptual standards addressed in the creek project, twenty-three (23)
were assessed in the four major artifacts, e.g., essays, reports and models.

As noted in the example in Chapter 3 (page 72). the analvsis of the essay
assignment (Appendix C) showed that students had the opportunity to address ten
conceptual standards (Table 4.2). Specifically, the essay assignment provided affordances
to demonstrate conceptual understandings about the use of resources (F.3.1) and natural
systems (F.3.3) related to land use and human impacts such as pollution on the watershed
(C.4.5 and F.6.5). In addition, other conceptual scientific understandings could readily be
expressed in the essays even though they were not expressly provided for by the task. An
example of such an understanding would be if students included concepts of

photosynthesis and respiration (C.5.2) in the description of how shading might affect.

2 Standards at the middle school level (grades 5-8) do address weather phenomena
in more explicit forms (NRC, 1996)
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Table 4.2: National Science Education Standards (NRC, 1996) assessed in the
artifacts and pre/post test throughout the cresk curriculum. Codes inside
parenthesis e.g. (C.3.5) represent standards that are alforded by the measure
but not explicitly reqguired.

Major NRC standards addressed by | Essay | Report | Model 1| Model 2 | Pre/Post
the Creek

ject
Conceptual Understandings 10 6 7 21 17
Standard B: Physical Science B.1.1
B.1.1 Atomic structiure R22
B.2.2 Structure and properties of matter (B.2.5) B.2.5
B.2.5 Physical states B3.1
B.3.1 Where reactions occur (B.33) -

B.3.3 Red/ox and acid/base R¥’s

Standard C: Life Science

C.3.5 Classification, taxa groups (C35) | ¢35 (¢35 | C35
C.4.1 Biochemical cycles (C4.1)

hw - 7
C.4.2 Food chains Cc42 | €4 {(C4D)

C.4.3 Interactions, competition (C.43) (C.43) C43

C.4.4 Population potentials {C4.4

C.4.5 Human ecology {C.4.5)

C.5.1 Entropy C4s (€43 | (csp g??

C.5.2 Photo and molecular synthesis (C.52) “

C.5.4 Adaptations (€.52) C52

C.5.5 Niche coneept 55 | G54

C.5.6 Energy flow and conservation c55 C.55 | (C56) C.55
"~ .56

Standard D: Earth and Space Science

1.1.1 Energy sourees (D1 AN NI RNY

D.2.1 Chemical cycles D2n O D21

D.2.2 Chemical cycles - carbon {D.2.2)

D.3.3 Interactions in earth systems ©33 | p33 D33 | (B33) D33

Standard F: Science in Personal and

Social Perspectives (F.13)
F.1.3 Choice & environmental {F2.1) F2.1
£onsequences F3.1 (F3.1
F.2.1 Population growth patierns F33 {F3.3)
3.1 Human uvse of rescurces . {E52)
F.3.3 Use of natural systems . F52 F.5.2
F.5.2 Hazardous consequences (F33) | (F53) (F65 | F33
F.5.3 Natural hazards Fs8.5

F.6.5 Humean effects on habitat

the creek. Students could also write about interactions among earth systems (D.3.3) such
as the effects of weather and erosion (F.5.3) on organisms and habitats in the creek. Toa

lesser extent they might convey understandings about the organization of the biological
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organisms of the creek (C.3.5), the effect of sun and shading (D.1.1) and how their own
personal actions might impact the creek or how the creek impressed them (F.1.3)

So of the ten conceptual standards identified, four standards (C.4.5, F3.1, F3.3,
F.6.5) are explicitly expected by the essay assignment and six standards (C.3.5, C.5.2,
D.1.1,D.3.3, F.1.3 and F.5.3) are implied by the assignment.

The scientific report assignment (Appendix D) provided explicit opportunities for
students to represent understandings on five conceptual standards distributed among
standards C, D and F (Table 4.2 and Appendix B). In the Life Sciences standards,
opportunities were found that mapped onto biological classification (C.3.5), the
interdependence of organisms/foodchains {C.4.2) and the niche concept {C.5.5) (See
anaiysis in Chapier 3, p 73). 1n Earth and Space Sciences, opportunities were provided
fur understaudings v e wivtactows Ul caris systeis (.3.3) aud e cuncepis atvund
“watershed.” Ideas of human land uses would map onto Standard F (F.5.2). Like the
essay assignment, students were not restricted to the {ive content standards but could
demonstrate additional understandings.

The first model building cycle (week 11) provided opportunities to address seven
standards as students built models of the physical and biological factors in the study
creek. The modeling assignment asked students to model a section of the creek to show
how physical factors affected the benthic macro-invertebrates (Appendix E). A model
that would evidence these conceptual understandings must include one or more physical
factors and show a relationship between that factor and the benthics {object). The
interactions of physical and biological components of the system map onto standards

D.3.3 (earth systems) and C.5.5 (niche concept). If students included physical factors
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such as the sun affecting the temperature of the water, their understandings might also
map onto other earth science standards (i.e. D.1.1 and D.2.1). I{ they elaborated on the
benthic macro-invertebrates, they might also represent other Life Science understandings
such as those under C.4 - The interdependence of organisms. The conceptual
understandings that were assessed in this assignment include seven standards in
Standards C & D (Table 4.2 and Appendix B) although students needed to only address
two to meet the requirements of the assignment {Appendix E).

For the second modeling cycle assignment, students were asked to build a model
that demonstrated an “in-depth understanding” of a stream ecosystem and that included
physical, chemical, and biological factors of the stream (Appendix F). This modeling
assignment was much more open in terms of which conceptual understandings students
might include and lacked the specificity found in some of the other assignments. As
such, students might address a number of different conceptual understandings that would
map unto the Physical Sciences (Standard B), Life Sciences (Standard C), Earth Sciences
(Standard D), and Environmental Sciences (Standard F). However, there were a few
standards, such as B.1.1 on the structure of atoms, B.2.1 on chemical reactions, and B.2.2
on the Periodic Table, which include content that could not be reasonably represented
within the modeling environment. These standards are examples of those few that were
not supported by this assignment. The other standards not supported by the second
modeling assignment included C.5.4 (adaptations), C.6.2 (behavioral adaptations), F.2.3
{population carrying capacity), and F.5.4 (risk assessment) (Appendix B).

Although students were offered the opportunity to include content from 21

different standards in their models (Table 4.2), it was not expected that they would do so.
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Rather, the assignment was designed for students to select content from the biological,
physical, and chemical factors of stream phenomena, representing a subset of content

standards in any one model.

Standards assessed in the Pre/Postiests

The pre/post test instruments addressed seventeen (17) conceptual understanding
standards distributed across the four major content areas (Table 4.2). It was the only
measurement to explicitly assess conceptual understandings of chemistry related to the
structures of atoms (B.1.1), the Periodic Table (B.2.2), and chemical reactions (B.3.1}.
The instruments also assessed understandings about states of matter (B.2.5), a standard
that was also assessed in the artifacts. In addition to these standards in the physical
science, the instrument assessed eight standards in the life sciences, and three each in

earth science and environmental science (Table 4.2).

ary of the Assessed Standards

All together, the four major artifacts provided opportunities for students to
demonstrate understandings on 23 conceptual standards while the pre/post instrument
only assessed understandings on 17 standards (Table 4.2). In this analysis, the four
artifacts offered the potential for a more complete assessment of understandings across
the curriculum than the pre/post tests alone (51% vs. 38% of the curriculum). The four
major artifacts do not provide support for students to demonstrate their conceptual
understandings along several standards, including B.1.1 (structure of atoms), B.2.1
{(interactions of atoms}, B.2.2 (periodic table), C.6.2 (behavioral responses/adaptations},

F.2.3 (population limits to growth), and F.5.4 (environmental risk assessment). Together,
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the artifacts plus the pre/post instrument give a2 more complete assessment picture with
evaluation on 27 of the 45 standards.

All four artifacts assessed only one common content standard (D.3.3 - Interactions
of earth systems). Five standards (C.3.5,C4.2,C4.5,C.5.5, D.1.1) were assessed by
three of the four artifacts and seven (C.4.3, D.2.1, F3.1, F3.3,F5.2, F53, F.6.5) were
assessed by two of the four artifacts (Table 4.2 and Appendix B). The remaining
fourteen standards assessed in the artifacts were supported by a single artifact, most often
in the second modeling assignment.

From the distribution of standards across the artifacts, there does not appear to be
an over-representation of specific content across the different artifacts. (Standard D.3.3
on the interactions of earth systems incorporates a broad array of potential conceptual
understandings). There does appear to be an under-representation of project content in
the artifacts, especially representation of content in Standards B (Physical Sciences) and
F (Science in Personal and Social Perspectives).

The content in the Physical Sciences {Standard B) represents several weeks of
classroom instruction {(November 13- December 6) so the lack of artifacts that would
assess stndents’ conceptual understandings in this area is a potential weakness of this
approach. However, this type of analysis identifies this weakness in assessment and steps
can be taken to correct the deficit. An artifact that required students to represent the
chemical reactions in one of the chemistry tests and the land uses that would impact that
test would address this gap in the assessed standards. Students did complete some

smaller artifacts including quizzes and mini-lab write-ups that provided the classroom
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teachers with some assessment of students’ chemical knowledge. However, these smaller
artifacts were not selected for the in-depth analysis required by this study.

In contrast, the other three standards not assessed by the major artifacts represent
minor content in the creek project. For instance, content along C.6.2 (behavioral
responses/adaptations} was only address briefly in two class periods (September 20 &
30). Environmental risk assessment (F.5.4) was addressed in assigned readings and in

films but was not emphasized by either teacher.

Demonstrations of Stedent Understay s within Artifacts

In this section, I examine the evidence of scientific understandings that students
demonstrated in their artifacts found during step three of the research design. Examples
of demonstrated understandings taken from students’ artifacts are used to illustrate the
analysis. Following the same outline as the analysis of standards assessed in the artifacts,
demonstrations of scientific understandings will first be examined in the four artifacts:

essays, reports, model 1 and model 2; and then in the pre/post test instrument.

Essays

I think that Traver Creek was a dirty creek. This is because of the fact

that there was no plant life divectly in the water and it was filled with

trash. I 'would not want to swim in this creek because I think it might be

dangerous. ( Essay by Abner, Block 1),

The descriptive essays that the studenis wrote during the second week of the
project were one to two pages long. In these essays, students tended to list a number of

unconnected facts and observations of the creck with varying degrees of accuracy. Many

of the essays read like disjointed notes rather than a descriptive essay designed to inform
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future FOS students about the environments of the creek as specified by the assignment
(Appendix C).

Forty-five essays (na=45; ng=45)" were analyzed for scientific understandings.
Conceptual understandings were found in those statements that connected different
observations, provided explanations, interpreted observations in light of other knowledge,
or hypothesized about possible causes and effects.

The most frequent conceptual understanding expressed in these essays dealt with
the classification of organisms (C.3.5), with twelve relevant statements (Figure 4.1). An

example of this type of understanding was found in Casie’s essay:

There weren’t very many living things visible from where I was sitting. 1
saw the algae, and also some bugs. The bugs were mainly water striders,
with some litile gnats hanging around too. Once [ looked on my shoulder
and saw an odd looking green bug perched there. It had a praying mantis
style body, only it wasn’t praying and it had the largest antennae I've ever
seen on a bug. It also had big red eyes that seemed o stare at me. It was
kind of kookly looking.

I personally didn’t see anything larger, but if I was to make a guess, I'd

say that there were probably fish in the water, and one of the other

students said they saw crayfish, which sounds pretty realistic to me. There

was also probably a lot of living bacteria in the water, but nobody can see

that anyway. {(Casie - Block 3; C.3.5 - Level 2)

In this extract, Casie identifies several major divisions of organisms in the
environs of the creek including algae, bugs (insects), fish, crayfish (Crustaceans), and
bacteria. However, the level of classification is not very sophisticated so that while water

striders are true bugs (HEMIPTERA: Gerridae), the gnais (DIPTERA) and the other

“bug”, possibly a katydid (ORTHOPTERA: Tettigoniidae) would be more scientifically

* 1y = Number of artifacts, ng = Number of students. See Table 3.3
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classified as insects. Thus, the level of understanding for standard C.3.5 in this essay was

coded at Level 2 (developing literacy).
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of natural systems, F.5.2 hazardous consequences, F.5.3 — natural hazards, F.6.5 Human effects on habitat.

Figure 4.1: Conceptual Understandings Demonstrated in Student Essays. Level §
(L8 = red) resulis are included only for expected standards (See Table 4.2).

Other conceptual understandings demonstrated in the life sciences were
understandings about human impacts on the creek environment (C.4.5) found in five
essays, and understandings about how the physical environment impacts the distribution
of organisms (C.5.5) in seven essays. In the case of C4.5, a student’s example statement

wonld be:

Because of the bank’s sharp angle leading io the water, pollutants such as
waste from picinics in the park and waste products from the surrourding
buildings all easily wash into the creek. ...

The area is not as dirty as 1 thought it would be but it needs some
improvement. Smoke from buildings and pollutanis from the cars on the
roads also contribuie io the condition of the creek. Ididn’t think the
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Water was as dirty as the surrounding lands. [ founds lots of trash laying
around. (Joel, Block 3- C.4.5 Level 2}

In this extract, while Joel makes an explicit link between specific human activities (e.g.
picnics) and pollution entering the creek, the negative impact of these activities on the
creck are implied. Since there was no further description, the above statements were
coded Level 2.

For standard C.5.5, dealing with the concept of environmental limits and the niche
concept, an example of one of the higher demonstrations of conceptual understanding
was found in Leia’s essay:

The water is very clean and there not a lot of algae or living organisms

because of loss of oxygen. The water is not as cool as it should be, which

is probably also a factor. While watching the river for an hour the only

living thing in the water I saw was a crayfish (with its left clipper broken
off). (Leia, Block 3 - C.5.5 Level2.)

In this case, the student was attributing the lack of visible [animal] life in the creek to the
lack of oxygen and the temperature of the water, demonstrating a developing or Level 2
understanding. She did not explicitly link together the warm water temperatures and low
oxygen levels in a relationship so understandings about gas solubility (B.2.5) were not
inferred.

The second most frequent conceptual understanding demonstrated in the essays
had to do with interactions between earth systems (standard D.3.3). Various statements
that mapped onto this standard occurred in 11 essays. In one such instance, a student

wrote:

The creek itself doesn’t have mich current or make very much noise,
although there are some pretiy large rocks and gravel under the water. It
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might be true that the reason why there’s so little movement is because the
creek is only one, to one and a half-feet deep. But the lack of movement
could also be causing the waier to be warmer, which leads to reduced
oxygen. Reduced oxygen can make it more difficult for some organisms o
survive. It can also affect the metabolism of fish, insects, and amphibions
making it harder for them to survive under warmer conditions. Some
organisms may adapt to the higher temperatures and become dependent
onit. For many insects the higher temerpatures causes them io finish
their metamorphosis earlier, which effects the predators who depend on
certain insects at a particular time of the year. The temperature is very
critical to all the plants and animals and other organisms around the
creek. (Anita, Block 3 - B25-2, C55-2, D11-2, D33-2, F65 - 2)

In this extract from Anita’s essay, she makes a number of connections
demonstrating rich conceptual understandings along several standards. For standard
D.3.3 (interactions of earth systems), she includes the chain from the shallow creek and
low current to warmer water to reduced oxygen to fewer organisms, demonstrating an
understanding of how the abiotic and biotic environments may interact. In this same
quote, it is also possible to identify conceptual understandings that map unto the niche
concept, standard C.5.5 (the niche concept, e.g. “Reduced oxygen can make it more
difficult for some organisms to survive.” and the temperature effects). Another
applicable standard is B.2.5, interpreted in this project as including the concepts of gas
solubility. In Anita’s essay, understanding of these relationships is demonstrated when
she writes, “...causing the water to be warmer, which leads to reduced oxygen.” In this
extract, she has the qualitative nature of the relationship right although she doesn’t
elaborate on the causality - e.g. because oxygen or other gases are less soluble at higher
temperatures - so her understanding, using the conservative rule, was coded at Level 2
for Standard B.2.5.

A fifth conceptual understanding, occurring in seven (15%) of the essays, mapped

onto standard F.5.2, which deals with the impact of human activity on natural change. In
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the extract below, Jack lists a number of buman artifacts present in the water that he
identifies as stabilizing the environment.
The creek iiself is very small, and is a good example of how civilization
has almost taken over nature. ... There are quite a few things in the water.
These include cement blocks, drair pipes, and a piece of rubber. This

human influence here, rather than polluting, is actually helping 1o
stabilize the environment. {Jack, Block i1- F.5.2 - Level 2)

Jack has made a reasonable conclusion in this specific creek environment. The
blocks and bricks in the creek work as substrate for colonization by benthic macro-
invertebrates. In addition, some of the drainpipes that have been eroded out of the bank,
function as an artificial log or berm, diverting the current and forming a pool, creating
additional stream habitat.

Even though students were given class time for peer critiques and revision of their
essays, most of the students followed the format of the note taking sheet in completing
the essay assignment. In fact, apart from some of those that were excerpted above, many
of the essays read as a transcription of the note taking sheet rather than a descriptive
essay designed to inform future FOS 1 students about the environments of Traver Creek
in 1996. Thus, while the essays revealed a little bit about students prior knowledge of
stream ecoclogy, they provided little evidence of scientific understandings.

There are different explanations of why students exhibited so litile identifiable
understandings in their essays, even at the lower levels of L1 and L2. One reason may
simply be the writing abilities of these ninth grade students. However, more intriguing in
the context of science education, may be the interaction between conceptual
understandings and the dimensions of epistemological and strategic understandings.

Although, these other two dimensions were not a focus of this study, their presence or
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absence was noted in the initial analysis of the student artifacts, The assignment
directions explicitly called for thesis statements. Yet, over oune third (38%) of the
students did not include an identifiable thesis statement. Only a few (15%) of the essays
were interpreted as students having a more “constructed way of knowing” in their
understanding of the purpose of their visit to Traver Creek and the resulting essay. An
example can be found in Leia’s essay, where she situated the purpose of the activity in
the larger semester project. There was also a tendency for students to relate what they
“know” rather than what they “observed.” E.g. they “know” that parking lots may have
negative influence on the creek so the Kroger Shopping Center has a negative impact on
the study site in Plymouth Park even though it is several hundred meters downstream.
The interplay of the other dimensions of scientific understandings with expressions of
conceptual understandings requires further study.

The analysis of the essay assignment would also suggest the need for clarification
of teacher expectations of an essay in contrast to simple notes and perhaps some
additional scaffolds. For example, the whole class could have critigued an example essay
and provided feedback 1o its author before doing the individual peer critiques. They
could also have read some essays from previous years and discussed which information
included in the essays was useful for their own study of the creek and what information
was lacking that they would want to know. Such an analysis could help them improve
their own writing. In addition, high quality essays from previous years could be held up
as models for the students in this FOS 1 class.

In summary, 33 of the 45 essays included statements that mapped onto the

conceptual understanding standards. Fifty-eight statements, mapping unto thirteen
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standards, were identified. Twenty-seven statements (47%) were coded at Level |
(nonscientific) and 31 (53%) at Level 2 {developing literacy) understandings; none were
coded at level 3 (attaining the standard) (Figure 4.1). Students did not act upon or
demonstrate understandings on three standards (C.4.5, F3.3, F.5.3,) expected by the
assignment. Each of these missing standards has to do with the interaction between
humans and the énvimnment. A few students demonstrated understandings on four
standards (C.5.2, C.5.5, F.5.2, and F.5.4) not explicitly specified in the assignment {Table
4.2, Figure 4.1). Twelve essays (26%) did not provide any evidence of conceptual
understandings along the national standards. The average number of conceptual

understanding standards addressed in the essays was 1.29.

Stream Water Quality Reports

Midway through the semester, after the students had completed the physical and
biological assessments of the creek and the chemical testing, they wrote their reports. In
the reports (n,=23, ng =84)", the students provided evidence that they had knowledge of
the stream and reported considerable data, but there was little sense making of the data.
A total of 175 statements were classified as conceptual understandings, which mapped

onto nineteen standards (average of 8 conceptual understanding standards per report).

Most of the conceptual understandings were expressed in the introduction to the report.

For example, in the introduction written by Ezra, Leah, Gene, and Kiley, Block 3 (Figure

¥ 1 = Number of artifacts, ng = Number of students, See Table 3.3
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4.2), there were eleven conceptual understanding standards identified of the thirteen total

in the report.

The Relationship Be :

g the Benthic
of Traver Creek
Section 420-450, October 30, 1

lacro Invertebrates

it is commonly accepted that Benthic Macro Invertebrates are a reliable way of testing
water quality (Benthic, meaning bottom dwelling, macro, meaning microscopic or
visible to the naked eye and invertebrate, meaning without a backbone.) Therefore,
one way they are helpful to us is to tell us about the overall health and condition of 2
body of water. By looking at the sensitivity and the number of a certain organismina
given stream river, or lake, one should be able to determine the pollution level.

The Benthic community is affected by a number of physical forces: pollution, nutrition
levels and run-off. Pollution by foxic chemicals is common in many bodies of water. It
kills, maims and sickens animal and plant life. Nutrient load can affect the food chain
in many ways: in addition to natural nutrients supplied by soil and vegetation, man-
made fertilizers can cause water plants to bloom drastically and this can lead to changes
in the oxygen level of the water. Many intolerant Benthics are not accustom to that.
Run-off from surfaces surrounding within the watershed of the creek lead to different
flow rates. After a heavy rain in an area with a large amount of run-off, the bodies of
water swell, and their flow rate increases. This can cause some Macro Invertebrates to
be swept away in the current. Only a few are adapted to living under the conditions of
fast moving water. Light levels also affect the Benthic Macro Invertebrates. Cutting
down tress along the bank of a stream can affect the amount of light reaching the water,
affecting the growth of the plants and algae and thus the whole food chain. Fifth,
temperature. In some places thermal pollution caused by power plants can be a
problem. Any rise in temperature might result in a change in life cycle, or the
conditions might be too hot for some Macro Invertebrates.

Our study was based on our study of the Macro Invertebrates we found, as well as a
physical assessment of the creek

Erra, Leah, Gene, and Kiley {elok) Introduction @ report ~ Ms L Block 3.

Figure 4.2 Sample of stadent work - Introduction from scien
Ezra, Leah, Gene and Kiley.

report written by

Standard C.5.5 (niche concept} was noted in the group’s writing about the
different conditions affecting the sensitivity and number of certain organisms (L3).

Standard C.5.2 {photosynthesis & growth)}, at L2, was identified in the references o
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“man-made fertilizers can cause water plants to bloom drastically and this can lead to
changes in the oxygen level of the water.” And D.3.3 (interactions of earth systems)- L2
was identified in the references to water runoff, light levels and shading by vegetation,
and their effects on the benthic macro-inveriebrates. Some of these same standards were
also demonstrated in the discussion section, for example standard C.5.5 - where the
students discussed interactions of the habitat and their findings of certain benthic macro-
invertebrates. In general, the students’ discussion sections were much weaker in making

connections and demonstrating understandings than their introductions.

Freguency (39)

¢35 4.2 C.55 D.33 F.5.2
Expected Standards Observed in reports
| oLt mL2z L3

Figure 4.3: Expected conceplual understandings demonstrated in water quality

reports (ng=23, ng =84). C.3.5 ~classifieation, C.4.2 ~ food chains, C.5.5 ~ niches, D.3.3
- interactions of earth systems, F.5.2 - human caused hazards.

Twenty-one reporis (95%) addressed standard C.5.5 (the niche concept and
environmental limits of organisms). Seven reports (32%) addressed this standard at

Level 3 understanding while most were classified as Level 2 understandings (Figure 4.3).
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An example of a Level 3 demonstrated understanding was found in Chase’s introduction

to the report',

One physical factor that affects the existence of BMlIs [ Benthic Macro-
Invertebrates| in the creek is discharge. Discharge is how much water
Jlows that flows past a given point at a given time. BMI's use water flow
to move wastes downstream and 10 gather nutrients from upstream. If the
Jlow is slow, then there is less food, which will diminish the population or
kill them off. IF the waste cannot be discharged downstream, the water
will become polluted not only by their own waste but by human waste
which would become trapped by the siow moving water...

Chase Block 3, Report page i. - C.5.5 L3.

Here Chase accurately identified two limiting factors: food availability and waste
accumulation, so his understanding of environmental tolerances was coded at Level 3.

The second most common conceptual understanding was the identification and
classification of organisms (C.3.5). Twenty reports (91%) included some demonstration
of this understanding - most at Level 2 - a general classification of the benthic macro-
invertebrates and/or vegetation, usually with common names. This was the only other
Life Science standard in which a few students expressed a Level 3 understanding. One
example of Level 3 understandings is from the report by Doris, Kayla, Esteban, and
Richard, where they wrote:

We found four types of benthic macroinvertebrates (eight benthics total) in

our section of the creek. They were: Leech, Riffle Beetle, Sow Bug, and
Caddisfly. Leeches are predators and have a taxa # of 3. This means they

' One group (Lilith, Taylor, Chase and Riku) in Block 3 apparently had trouble
working together. This group submitted separate Introduction and Discussion sections but
common Methods and Result sections. This text passage is from the introduction by
Chase. For this report, the understandings demonstrated in the individual sections were
attributed only to that author; understandings in the methods and results sections were
attributed to all four students.
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are tolerant to many pollutants. They are in the group Hirudinea. The
Riffle Beetle has a Taxa # of I as does the Caddisfly. The Riffle Beetle is
part of the group Hydrophilidae. They are collectors. They feed on
decomposing organic matter. The Caddisfly is of the group triciopter
[sic]. It is a Filterer-Collector. It strains minute paritices out of the
water. The Sow Bug has a Taxa # of 2. The Sow Bug is an isopod and a
collector.

{Doris, Kavia, Esteban, Richard, Block 5, Report, p 4.)

In this passage, students identify their benthic macro-invertebrates by both common and
scientific names. (The riffie beetle, if the common name is correct, belongs in the family
Elmidae, not Hydrophilidae). They have aiso identified the functional group of each
benthic, demonstrating an understanding along standard C.5.4, and the poliution tolerance
index (PTI) taxon number, a demonstration of understanding along standard C.5.5. This
group of students provided classification information than most. Most reports did not use
scientific names,

Understandings about watersheds and understandings of interactions among earth
systems (D.3.3) were addressed by the majority of the reports, with all but three reports
demonstrating some evidence of understanding of these concepts (Figure 4.3). One

example is from Chase’s report in Ms. L’s block 3:

Water temperature also is an important factor that affects the benthic
population in the water. Temperature is how cold and warm the stream is.
Temperature affects the life cycles of benthics. At the top [headwaters] of
a stream the temperatures are much more predictable because there is
less runoff than in an urban creek fike Traver. There are factors which
affect the temperature of the creek. The top [headwaters ] stays consiant
but the bottom [lower reaches ] of the stream varies depending on how
much thermal runoff there is from other sources like power plants, houses,
and shadyioper Spots. ...

{Chase, Block 3, Report, page 2. D.1.1 L2, D.3.3 L2}
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Frequency (38)

825 €43 C44 (52 ¢354 €56 €62 D11 F331 £33 F33 Fb4

Other Standards Observed in reports
Lo Li 2 BL3

1 |
B.2.5 —~ gas solubility, C.4.3 - competition, C.4.4 - population potentials, C.5.2 — photosynthesis, C.5.4 —
adaptations, C.5.6 — energy in ecosystems, C.6.2 ~ behavioral adaptations, D.1.1 sun energy, F.3.1 human
choices, F.3.3 — use of natural systems, F.5.3 ~ natural hazards, F.5.4 - human impacis.

Figure 4.4: Additional conceptual understandings demonstrated in water g
reports (ng=23, ny =84).

In addition to the assessed standards, some students also demonstrated
understandings that mapped onto other standards (Figure 4.4). The most frequent one of
these (found in 18 reports, 82%) was standard C.5.4, dealing with functional adaptations,
usually in terms of functional feeding groups (e.g., grazers, predators, collectors), as
illustrated by the passage from Doris, Kayla, Esteban, Richard given above. Standard
F.3.3 - involving understandings around the use of buman resources, including the use of
indicator species - was demonstrated in over two-thirds of the reports. Other standards,
which appeared in fewer than half of the reports, include, in order of decreasing
frequency, F.3.1, C.5.6, C4.4, and B.2.5 (Figure 4.4).

In general, students tended to report their data but made very little effort to

interpret it or to connect one piece of data to another. In other words, like their essays,
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they exhibited quite 2 bit of knowledge about their stream sections but very little
understanding (connected knowing). The reports provided thin evidence of conceptual
understandings, at least with enough depth or elaboration to determine whether the
student had a Level 3 (scientifically literate) understanding versus a partially correct
(Level 2) understanding.

For the five conceptual standards expected by the assignment (C.3.5, C.4.2, C.5.5,
D.3.3, and F.5.2; Table 4.2}, understanding was observed in one or more reports as well
as understandings about watersheds in general (Figure 4.3). There were also a few
isolated demonstrations of conceptual understanding on an additional twelve standards by
the class as a whole (Figure 4.4). However, in individual artifacts, there were only a few
understandings demonsirated. These demonstrations of conceptual understandings were
generally expressed at a Level 2 (developing literacy) (Figures 4.3 & 4.4). Eight reports
(36%) demonstrated a Level 3 understanding on at least one standard, but no report
demonstrated an overall (or median) Level 3 conceptual understanding.

An investigation report has the potential to facilitate the negotiation of meaning
and the construction of conceptual understanding (Keys, 1994). Considering the reports’
potential for synthesis of the findings from the physical and biological assessments, the
number and quality of conceptual understandings actually demonstrated was
disappointing. There are a number of different hypotheses that might explain this weak
demonstration of understandings. Two result from interactions with other frames of
understanding.

First, perhaps students simply do not know how to write scientific reports. In this

case, their lack of strategic understandings interferes with their ability to demonstrate
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conceptual understandings. Good writing begins with a careful definition and
interpretation of the problem, defining the problem first in terms of aim or purpose, and
of audience (Maimon, et al., 1981). In the report assignments, students were expected to
supply their thesis or problem staterments and also address their reports to members of the
local watershed council If this hypothesis of interactions between strategic and
conceptual understandings was supported by evidence of weak strategic understandings,
then implications for instruction include more modeling and instruction on report writing.
A second explanation arises from a potential interaction of epistemology and
conceptual understanding. This interaction may arise if reports are perceived as a
“school” activity rather than a “science” activity, which is partly a function of audience
(teacher vs. community). In this case, a visit by a representative of the watershed council
and a presentation of the student’s findings to a member of the watershed council might

help students perceive the greater purpose of their reports.

Creeck Meodels - Cycle 1: Learning how to model ecological phenomena

In the first round of modeling in early November, students both learned how to
use the Model-It software and then created 2 model of stream phenomena of their choice,
with the provision that the mode! had to include physical and biological factors. Forty-
eight models were collected off the class server: 12 built by individual students, 16 by
male pairs, 12 by female pairs, and 8 by mixed pairs (ng=48, ny=84).

In these models, students created an average of 4 objects (range 1-15), which are
the “physical” entities in the system, such as the stream itself, 5.4 factors (range 0-13) the
measurable attributes of the object such as dissclved oxygen, temperature and substrate
size and 5.6 relationships between factors (range 0-19) (Table 4.3).
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The low factor to object ratio of 2.05 (Table 4.3) indicates that many students
created a large number of objects (up to 15 in two models) and then defined only a single

factor for each object, or no factors at all for some objects.

Table 4.3: Geuneral features of student models after model cycle 1 (ng=48; ng=84).
del Attribute fig Range Mean Stdev

Plan 39

MNumber of Cbiects (O} in a Model 48 1-15 4.04 334
Number of Faciors (F) in a Model 48 0-13 5.44 2.47
Number of Relationships {R) in 3 Model 48 0-19 5.56 4,02
Factor : Obiect ratio (FIO) 48 0-6 2.05 1.51
Relationship Integration (R/F) 47 0-3 0.97 0.52
Shortest Factor Path 47 0-6 2.43 1.31
Longest Factor Path 47 0-7 347 1.60

The largest fraction of the defined factors dealt with factors of the physical
environment of the creek such as substrate (25 models), discharge (19 models) and bank
vegetation (14 models). Twenty-four percent of the factors were defined around the
stream organisms, primarily the numbers of benthic macro-invertebrates. Sixteen percent
related to the Water Quality Index (WQI) and the nine parameters defined in the students’
textbook (Mitchell, & Stapp, 1994). Of these, twenty-three cases related to stream
temperature and twelve to dissolved oxygen. Other classes of factors defined in the
students’ models include biological processes, weather, human activity, and pollution.

Students connected their factors together by building relationships between
factors. Most of these chains of factors and relationships consisted of three factors
connected by two relationships. In nine models, students constructed factor paths of at
least five factors and four relationships. The most common type of relationship was
between two physical assessmeunt factors (23%) followed by a physical factor affecting a
benthic factor (18%) and a physical factor affecting one of the nine parameters of the

WQI (9%). For instance, Casie, Lilith, and Taylor (Figure 4.5) built a model that showed
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one physical factor affecting another (as discharge increases, substrate increases about the
same) and of two physical factors affecting a biological factor (as substrate increases,
benthics increase about the same, and as temperature increases benthics decrease about
the same). This model also has one biclogical factor (algae) affecting another (benthics),

and organic matter affecting benthics (Figure 4.5).

RELATIONSHIPS:

RELATIONSHIP: {Direct) As Traver Creek:
Discharge increases clam : Substrate INCREASES
ABCUT THE SAME.

EXPLANATION: Fast currents carsy more silt away

from the creal

\ Orgonic matter % RELATIONSHIP: (Direct) As clam : Organic matier

increases Traver Creek : benthics INCREASES

AT VR FETTTT 6 4% AT
FREM AN L R RS WISRIYRER L

EXPLANATION: Another source of food for
benthics.

KELATIONSHIP: (Lrect) Asclam | Algae mcreases
Traver Creek : benthics INCREASES ABOUT THE
SAME.

EXPLANATION: Benthics eat algae, they need food.
RELATIONSHIP: (Directy As clam: Temperature
increases Traver Creek © henthics DRECREBARES
ABOQUT THE SAME.

EXPLANATION. Some benthics theive at lower

formraratuivan
R RRRRSWEALLASL WS

RELATIONSHIP: (Direct) As clam : Substraie
increases Traver Creek : benthics INCREASES
ABGUT THE BAME.

EXPLANATION: Benthics need places 1o burrow and
hide.

Temparalure
h %,

x

¢ 4.5: Factor and Relaticnship Map from Casie, Lilith, and Tayler (Block 3,
model 1) showing factors and constructed relationships. In this model, the
students have created two objects - Traver creek and clams, six factors, and
five relationships. The longest factor path, from discharge to benthics, is 3.

In building their factors and relationships, students demonstrated conceptual
understandings that mapped onto sixteen standards, six assessed standards (Figure 4.6a)
and ten standards not explicitly assessed by the assignment (Figure 4.6b). Individual

models addressed an average of 2.5 concepinal standards with the most common
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standards being Environmental tolerances and the niche concept (C.5.5), addressed in 32
models and Interactions of Earth Systeras (D.2.3) addressed in 34 models (Figure 4.6a}.

There were eight models (17%) where students’ median level of conceptual
understanding across all content included in their model was demonstrated at Level 3 -
scientifically literate at the level of the Standards. Another 69% demonstrated a Level 2
overall conceptual understanding in their first model.

Examining these demonstrated conceptual understandings more closely by major
content strands; it was found that students generally demonstrated more competent
understandings of the Earth Sciences (Standard D) with three-quarters of the students
scoring at Level 2 or higher (Figure 4.6). The Life Sciences (C), Physical Sciences (B)
and Environmental Sciences (F) respectively followed earth science.

Looking at one conient area at a time, it was found that students only addressed
one standard in the Physical Sciences (B.2.5 - states of matter) (Figure 4.6b). This
standard was addressed in nine models in the context of oxygen solubility in water being
temperature dependent.

In the Life Sciences (Standard C), students’ understandings mapped onto nine
standards distributed across 4 sub-content areas (Figure 4.6). The most common
demonstrated understanding mapped onto standard C.5.5, which involved understandings
about the environmental tolerances, requirements and limits of organisms. Along this
standard, half of the models demonstrated a Level 2 understanding and another three
achieved a Level 3 understanding (Figure 4.6a). The second most common standard in
the life sciences was C.4.2 (energy flow between organisms), This standard was

addressed in nine models (19%) af levels 2 and 1. The other seven standards
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Frequency (96
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B.2.5 £.3.5 4.4 C.5.7 52 £.56 Co.2. D.2.2. F.2.1, F3.3.
Other Standards Observed in Modsl 1

12 w3 !

LU 8L
b. v |
B.2.5 ~ gas solubility C.3.5 —classification, C4.4 - population potentials, C.5.2 — phoosynthesis, C.5.56—

energy in scosystems, C.6.2 ~ behavioral adaptations, D.2.2 — carbon cycie, F.2.1 — population growik,
F.3.3 — use of natural systems,

Figure 4.6: Conceptual unders
Chart a shows those standards expect odel 1. Chart b shows
additional content that was observed in the models.

ny=84).
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(C35(C43,C44,C51,C5.2,C56, and C.6.2) involved content addressed by fewer
than 4 models (Figure 4.6b) although students tended to demonsirate level 2 or 3
understandings of these concepts when they included them in their models. With the
exception of C.4.3 (organism interrelationships), these standards were not explicitly
provided for by the assignment.

In the Earth Sciences (Content Standard D), the demonstrated conceptual
understandings in the models mapped onto three standards (Figure 4.6a). The most
common understanding in this content area relates to standard D.3.3 - Interactions among
earth systems. This is a very broad standard and 34 models included conceptual content
that mapped within this standard. For instance, Keshia and Glynis created the following

relationship in their model (Figure 4.7):

RELATIONSHIP: {Direct) As 540-570 : substrate increases Caddis fiy
Larva : quantity INCREASES ABOUT THE SAME.

EXPLANATION: When silt replaces cobble, rocks, and boulders, the
caddis fly larva looses places in whick it can hide from predators and take
refuge from too fast water flow

{Keshia & Glynis, Block 3, Model 1. D.3.3 - L3. Figure 4.7}

In this relationship, the two students have illustrated a relationship between the physical
environment {stream substrate) and biological organisms (caddisfly larva). Their
explanation for this relationship was based on their understanding of caddisfly habitat in
the rocky or cobble part of the stream. On the strength of this relationship, the students’
understanding of standard D.3.3 was rated at Level 3. In the next relationship they
counstructed in their model, Keshia and Glynis created a similar relationship between

stream substrate and leeches. In this relationship they wrote:

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RELATIONSHIP: (Direct) As 540-570 : substrate increases Leech :
quantity DECREASES ABOUT THE SAME.

EXPIANATION: Leeches live better in muddy situations.
{Keshia & Glynis, Block 3, Model 1. C.5.5 - 1.2, Figure 4.7}

The explanation for this relationship was not well elaborated, without any
indication of why the students believe leeches to live better in muddy situations. These
two relationships, as well as the relationships between the other creek factors and the
benthics (Figure 4.7) were used to classify the students’ understandings on standard C.5.5
- the niche concept, at Level 2 (the median value).

The second most common understanding in the earth sciences involved the
thermal effects of the sun on the stream, found in 15 models and mapping onto standard
D.1.1 - Sources of energy. Keshia and Glynis’s model (Figure 4.7) also demonstrates this
understanding in the relationship between stream discharge patterns and water

temperature. In their notepad, they wrote:

RELATIONSHIP: (Direct)As 540-570 : discharge patterns increases 540-
570 : water temperature DECREASES ABOUT THE SAME Description:
As the water moves faster, the water becomes colder because the water
isn't staying in one place and the sun's rays cannot constantly reach it.
(Keshia & Giynis, Block 3, Model 1. D.1.1 - L2 Figure 4.7.)

In their explanation, Keshia and Glynis link temperature to sunlight. However, they mis-
attribute cooling to discharge rate where a better explanation would be to the shading of
the creck. Thus, their level of understanding for standard D.1.1 was coded as level 2.
The third standard (D.2.2), on geochemical cycles, was found in only a single
model created by Ewen and Juma in block 3 (Figure 4.6b).
The three remaining concepival understanding standards found in this set of

students’ models fall under Standard F - Science in Personal and Social Perspectives
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PLAN:

GOALS: How the environment at Traver
Creek affects the creek.

IDEAS: Each factor of each object effects the
way that the creek works.

OBIECTS: The water temperature,
energv/irophic levels, and the substrate.
RELATIONSHIPE:

RELATIONSHIP: (Dirsct)
i ily e - 340-370 : dissoived oxygen > Leech :
quantity
Description: When there i less dissolved
oxygen the leech is able to survive better.

As 540-570" : dissolved oxygen increases
Leech : quaniiily DECREASES ABOUT THE
SAME.
REIATIONSHIP: (Direct)

340-570 : dissolved oxygen --> Caddis fly
Larva : guanfity

Diescripuion: The Caddis fiy larva needs
dissolved oxygen in order o live

As 540-570 : dissolved oxyvgen increases
Caddis fly Larva : quantity INCREASES
ABOUT THE BAME.

INCREASES ABOUT THE SAME.
RELATIONSHIP: (Direct}

540-570 : energy relationships --> Caddis fly
Larva : quantity

disgo

ansray regts i

water temperoiure

Description: If the caddis fly larva does not have a lot of food, many caddis flies will not be able to
survive.

As 340-570 : encrgy relationships increases Caddis fly Larva : quantity

RELATIONSHIP: (Direct) 540-570 : energy refationships --> Leech : quantity

Description: If there is not enough food for other creek critters to survive, the parasitic leech will not be
able to live because it will not have any food

As 540-570 1 energy relationships increases Leech © quantity INCREASES ABOUT THE SAME.
RELATIONSHIE: (Direct) 540-570 : discharge patierns --> 540-570 : water iemperature

Description: As the water moves faster, the water becomes colder because the waler isn't staying in one
place and the sun's rays cannot constantly reach it.

As 540-570 1 discharge patterns increases 340-570 : water temperature DECREASES ABOUT THE
SAME.

RELATIONSHIP: (Direct) 540-570 : substrate > Caddis fly Larva : quantity Description: (in text).
RELATIONSHIP: (Direct) 540-570 : subsirate > Leech : quantity Description (in text) .
EVALUATE:

HOW WELL DOES YOUR MODEL WORK: By making the quantity of leeches and caddis fly larva
increase or decrease when we change the scroll bar on the meters of the ones with green piciures.
WHAT DONT YOU LIKE: no

Figure 4.7: Keshia and Glynis’s model of Traver Creek.

Y Note: 540-570 is the designation of their creek section in feet above the Broadway
Bridge
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(Environmenial Science). Within this content area, there were two models that included
population factors (F.2.1) (Barnard & Perry, Block 1 and Ezra & Gene, Block 3), one
case where the model addressed the use of natural systems (F.3.3) (Tim, Block 7) and
two models with content which mapped onto F.5.3 - progressive changes (Mallory &
Carocl, Block 3, Barth & Osborn, Block 7). The median level of understandings
expressed in these few cases was Level 2 (Figure 4.6b).

The determinations of understanding in the models were limited by the
information that students provided (or failed to provide). Many explanation fields were
left empty so inferences about actual understandings were limited. Even so, itis
interesting to note that relatively few demonstrations of understanding were coded at
Level 1 (non-literate) (Figure 4.6). This observation would imply that students are
including content in their models that they understand and are not including weaker
understandings. Thus models as assessment tools for student understandings may allow
student to demonstrate "strengths” in their understanding in contrast to other forms of
assessment that may target students’ weaknesses.

Individual models tended to include a small subset of the intended and additional
content {mean of 2.5 standards). However, a small number of conceptual understandings
should not be interpreted as weak understandings. Modeling combines an interaction
between strategic, epistemological and conceptual understanding. Part of the nature of
science is a value placed on parsimony in explanations and models. Thus, a more
scientifically valued model may actually have less content in the model than an artifact

that attempts to demonstrate a broad range of understandings. The parsimony and
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elegance of the models need to be analyzed as part of students’ strategic understandings

{Standard E.1.3 implementation).

Creek ¥

fodels - Cyele 2: The Final Artifact

For the second set of models created at the end of the semester, students were
asked to build a model that demonstrated “in-depth understanding of a stream ecosystem
and that included physical, chemical, and biological factors of the stream” (Appendix F).
This modeling assignment was much more open in terms of which conceptual
understandings students might include compared to the first modeling assignment.

Forty-six models representing the work of 85 students were collected from the
classroom server and analyzed. Nineteen models were created by male pairs, fifteen by
female pairs, seven by mixed gender pairs, and five by individuals working alone. In this
set of models, students created, on average 5.42 objects (range 1-12), 10.38 factors (range
5-22), and 13.82 relationships (range 5-36) in each model (n,=46; ng=85) (Table 4.4).
These simple statistics show the greater complexity of the second set of models when

compared to the first set (Table 4.3).

Table 4.4: General features of student models in model cycle 2 (ny;=46; ng=85).

lel Attribute g Range | Mean Stdev
Plan 39
Number of Objects (O) in a Model
Number of Factors (F) in a Model

Number of Relationships (R)in a
Model

1-12 537 2.71
5-22 16.28 3.85
5-36 13.72 6.96

BI&BIE &E&
P
0

Factor : Object ratio (F/O) . 2.21 1.52
Relationship Integration (R/F) 73-231 1.29 33
Shortest Factor Path 2-5 2.91 89
Longest Factor Path 3-8 5.17 1.54
Evaluation 31

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The largest fraction of the defined factors (32%) was ascribed to the biological
organisms in the creek (e.g. population number for taxa 1, birth rate, etc.) (Table 4.5).
The water quality index and its related nine parameters accounted for the second largest
cluster of factors (29%). In this set of models, all nine water quality parameters (Mitchell
& Stapp, 1954) were accounted for in different models. Thirty-six models included the
factor of dissolved oxygen. Temperature was the second most frequent water quality
parameter, included in sixteen models. Nitrates and total solids were the least common
factors in this cluster, appearing in just seven models. The Water Quality Index (WQI) or

general stream health was a factor in thirteen models.

Table 4.5: Content areas of factors in student’s computer models cycle 2 (ny=46
H&gss)s

Content area of Model Factor Number of | Frequency
Faclors (%)
WQI and © water quality tests (DO, °T) 139 28
Physical Assessment factors 84 i1
Benthic Organisms and Algae 147 32
Biological processes (Ps, Rs, growth, etc) 13 3
Weather 33 7
Pollution 55 12
Land Uses/Human Activity 31 7

The physical assessment factors in model two accounted for only 11% of the
defined factors (Table 4.5) in contrast to the first set of models where they account for
39% of the factors. The most frequently represented physical assessment factors were
discharge (15 models) and bank erosion/stability (11 models). Outside influences, such
as weather, pollution and land uses/human activity, accounted for 26% of all factors in
the second set of models (only 14% of factors in Model 1).

Twenty three percent (23%) of the relationships involved some {actor outside of

the creek causing a change on a factor inside the creek and 65% involved within creek
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relationships. The most common within stream relationship (23%) was that of some
creek factor {e.g. dissolved oxygen (45 cases) or pH (21 cases)) affecting the benthic
organisms. The high number of relationships between the physical and chemical factors
of the creek and the biological organisms can also be seen in analysis of the National
Science Education Standards addressed with 87% of the models addressing standard
C.5.5 (environmental limits, niches) (Figure 4.8a).

The content expected in the models {Table 4.2) mapped onto an average of five
standards in the conceptual understandings frame (standards B, C, D & F) per model or
~11% of the curriculum. However, the set of models included understandings that
mapped over 23 of the standards (51% of the total curriculum). Students did not
demonstrate understandings on five of the intended standards (B.3.1, C.1.5,C3.5,F.1.3,
& F.3.3; Table 4.2) but they demonstrated understandings on one standard (F.2.3 -
Matural hazards) that was not expected in this assignment. Ten models (22%) addressed
all four science areas (B, C, D, F) and 21 (46%) addressed three of the four areas. Ninety-
one percent of the students demonstrated overall (median) understandings of level 2 or
higher with a few models {(4.4%) indicating a more robust Level 3 understanding across
the entire model, However, conceptual understandings were not demonstrated evenly
across models with modelers demonstrating more robust understandings in some
standards and weaker understandings in other standards.

Examining the demonstrated conceptual understanding more closely by major
content strands, it was found that students generally demonstrated more competent
understandings in the Life Sciences (Standard C), with almost 90% demonstrating

understandings at level 2 or higher. In the Earth Sciences (Standard D), almost two-
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thirds of the students showed overall understandings of Level 2 or higher. This was
followed closely by understandings in Standard F (Environmental sciences) with over
half of the student’s models demonstrating level 2 or higher conceptual understandings.
Another way to look at the data is to examine the number of models that

demonstrated Level 1 (non-scientific) conceptual understandings (Figure 4.8). The low
frequency of Level 1 understandings indicates content students attempted to include in
their models although they may not have understood this content. As seen in Figured.§,
fewer than 10% of the conceptual understandings were assessed at Level 1. The highest
proportion of low understandings occurred in Standard B- The Physical Sciences, where
24% of the models showed an overall non-scientific understanding of Physical Science
content (Level 1)(Figure 4.8).

In the next sections, the conceptual understandings demonstrated in the second set
of models will be examined for each of the four major content standards using excerpts

from the students’ models to illustrate their understandings.

Standard B: Physical Science

Twenty-six models (57%) included content in chemistry and the physical
sciences. This content mapped onto two standards, standards B.2.5 {(states of matter) and
B.3.3 (Chemical reactions) (Figure 4.8a). Standard B.2.5, dealing with solids, liquids and
gases, was addressed in the context of gas solubility, specifically dissolved oxygen’s
relative solubility at different temperatures and was included in 22 models (48%). For
example, in the model created by Anita and Inez, they describe a relationship between

creek temperature and creek oxygen, which maps onto standard B.2.5.
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RELATIONSHIP: (Direct) Creek : Temperature gffects Creek : Oxygen:

As Creek : Temperature increases, Creek : Oxygen DECREASES by

ABOUT THE SAME.

Expianation: Oxygen decreases in high temperatures because gases such

as oxygen dissolve more easily in cooler water.

{Anita and Inez, Block 3, Model 2 B.5.2 L2)

Standard B.3.3, which included content involving chemical reactions, acids and
bases, was addressed in the context of stream pH and acid rain. This standard was
addressed in only 6 (13%) of the models (figure 4.8a). Some misunderstandings were
evident around this content; for example, confusion about what end of the pH scale

indicates acid conditions. Joel and Patrick explained how acid rain affects pH level as

follows:

RELATIONSHIP: (Direct) Weather : Acid Rain affects Weather : PH
level: As Weather : Acid Rain increases, Weather : PH level
DECREASES by ABOUT THE SAME. This relationship takes effect
immediately.

Explanation: When the rain falls that has Acid in it, the PH level of the

creek goes up
(Joel and Patrick, Block 3, Model 2, B.3.3, L2}

In the relationship (graphic) they created, they have the correct relationship between
increasing acid input and decreasing pH level. However, in their explanation they have
acid rain increasing the pH level of the creek (becoming less acid), when the effect
should be to decrease the pH level (become more acid). This relationship was coded at
level 2, partially accurate because of the difference in the accuracy of the relationship and
the explanation.

Also within this content standard, fell the interesting notion that salt (NaCl)
content influences pH levels of the creek (It doesn’t). This was evident in a model created

by Edmund and Stephan in Block 5 shown below.
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RELATIONSHIP: (Direct) Salt : Salt Content gffects Acidity : Ph level:
As Sait : Salr Content increases, Acidity : Ph level INCREASES by
ABOUT THE SAME. This relationship takes effect immediately.
Explanation: the salt will effect the balance of acid in the water because it
is a type of pollution when unbalanced
{ Edmund and Stephan, Block 5, Model 2, B3.3 = L1}

An explanation like this illustrates a tendency for overgeneralization, namely that any
given pollution source will affect any chosen water quality parameter. This relationship
was coded as Level 1 - non-scientific for standard B.3.3, as were four other attempts at

this standard.

Standard C: Life Science

All but two of the models (95.6%) included some bioclogy content that mapped
onto Standard C. This content fell into two sub-standard areas: C.4 - The
interdependence of organisms and C.5 - Matter, energy & organization in living systems
(Figure 4.8a). Twenty-one models (45.6%) included some content about interdependence
from the C.4 standard. In C4, the most common content understanding expressed
understandings about food chains - C.4.2 (10 models) and competition - C4.3 (10
models). These understandings were demonstrated at Level 2 (Figure 4.8a).

Most of the models (93.5%) included some content in area C.5 dealing with the
interactions of the biotic and abiotic worlds. One understanding that appeared in the
greatest number of models relates to standard C.5.5, the niche concept, which includes
the understanding that biological organisms have certain tolerances or limits to
environmental factors. A common representation of this understanding was the notion

that benthic macro-invertebrates have different sensitivities to oxygen levels. One
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example of a relationship that illustrates this understanding was in a model created by

Ayesha and Noelle in Block ©:

RELATIONSHIP: (Direct) As The creek : D.O. increases, benthics :
amount of taxa I INCREASES by ABOUT THE SAME.

Explanation: Species that can not tolerate low levels of dissolved oxygen,
taxa #1's will be replaced by a few kinds of pollution-tolerant organisms,
taxo#'s, and #3’s

{Ayesha and Noelle, Block 1, Modei 2, C.5.5 L3 ).

Another example comes from a model created by Heather and Elnora (Figure 4.9). In

their model, they wrote:

FACTOR: dissolved oxygen

Range: iow [ medium | high

Description: The dissolved oxygen level affects the health of the stream.
One of the largstest factors of A HEALTHY STREm is the amount oxygen
in the water. Because the Taxal benthics are so sensitive to changes, if
the oxygen evel decreases, a lot of the Taxa 1 benthics die out. If the Taxa
1 group dies out, the taxa 2 and 3 groups are more likely to survive
because they do not have to compete with the Taxal.

RELATIONSHIP: (Direct) STREAM : dissolved oxygen affects taxa 1 :
population, This relationship iakes effect immediately.

Explanation: When the dissolved oxygen increases, it allows the more
sensitive benthics (Taxa 1) to thrive and grow, therefor increasing the
population.

RELATIONSHIP: (Direct) STREAM : dissolved oxygen affects taxa 3 :
dissolved oxyen. This relationship takes effect immediately.
Explonation: The DO ffects tuxa three becasue when DO level goes up
taxa one population goes up which means there is competition with taxa

three, so when DO goes up taxa ihree goes down. {Heather and Elnora,
Block 7, Model 2)

The Heather and Elnora model shows content understanding not only about how
environmental limits affect certain benthic groups in the DO effects on Taxa 1 {C.5.5) but

also about how competition between different taxa groups affecis the relative abundance
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of those different groups (understandings which map onto standards C.4.3 & C.4.4).
Other environmental factors that were included in the models, which influenced the
abundance of certain groups of organisms, were temperature, pH, turbidity, and

phosphates (for algae).

[
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Figure 4.9: Heather and Elnora’s model 2 factor and relationship map showing
pacts on dissolved oxygen and the impacts of oxygen on the taxa groups.

In addition, within the life science conceptual understandings, students frequently
included understandings that mapped onto the concept of decomposition (Standard
(.5.1). These conceptual understandings were found in 19 models (41%) (Figure 4.8a).
Heather and Elnora’s model (Figure 4.9) provides an example of this type of

understanding.
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FACTOR: organic maiter.

Range: low { medivin [ high

Description: Organic matter, when being decomposed lowers the
dissolved oxygen. The organic matier comes from urban runcff, pet
wastes, lawn fertilizers, agricultural runoff, fecal matter, and plant matter.

RELATIONSHIP: {Direct) As STREAM : phosphates increases,
DISSOLVED OPXYGEN : aquatic plants INCREASES by A BELL-
SHAPED CURVE. This relationship takes effect siowly.

Explanation: When more phosphates enter the water plant growih occurs,
called blooms, When these planis die, the breaking down of organic
matter uses oxygen. So these blooms can decrease the oxygen afier a
certain point of time.

{Heather and Elnora, Block 7, Modei 2, C.5.1 1L.3)

In their model, Heather and Elnora demonstrate understandings that decomposition is an
aerobic process, consuming oxygen and thus lowering overall dissolved oxygen levels of
the stream. This in turn affects the numbers of taxa 1 and taxa 3 benthics as seen in the
earlier excerpt from their model. This chain of factors and relationships also represents
understandings of how the earth systems (Standard D.3.3) interact with biological

systems. The next section explores students’ understandings in the earth sciences

Standard D: Earth Science

Thirty-six (78%) of the models included content that would fall within the earth
science standard. Most frequent were conceptual understandings within standard D.3.3 -
interactions among earth systems. This broad standard was addressed by 74% of the
models (87% at level 2 or higher) (Figure 4.8b). One example is Heather and Elnora’s
model (Figure 4.9), where they show how stream:riffles affect streamu:dissolved oxygen
which in turn affects the numbers of taxa 1’s and taxa 3’s. They describe the first

relationship in this chain as:
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RELATIONSHIP: (Direct}As STREAM : riffles increases, STREAM :
dissolved oxygern INCREASES by ABOUT THE SAME.

This relationship takes effect slowly.

Explanation: Riffles mix oxygen into the water. If the number of riffles in
a part of the stream because of things like a changing substrate or
Jlooding there will be more D.O.

{Heather and Elnora, Block 7, Model 2, D.3.3 ~ L3, figure 4.9)

Other types of earth science conceptual understandings included in models were
D.1.1 sources of energy in 13 models, D.2.1 on geochemical cycles in 9 models and
D.2.2 on the movement between reservoirs in 1 model. These were addressed by most
students at a Level 2 understanding (Figure 4.8b). An example of understandings that
map onto standard D.1.1 was found in Annie and Mackenzie’s model (Figure 4.10) where
they tried to “show how Land Use and Practice (New Apartment Building) would affect
the water quality.” In this model, they created a relationship between Creek: Turbidity

and Creek:Temperature and explained the relationship as:

RELATIONSHIP: (Direct) As Creek : Turbidity increases, Creek :
Temperature INCREASES by A LITTLE.

This relationship takes effect immediately.

Explanation: As the turbidity of the creek increases, so does the
remperature. This happens because the suspended solids absorb the suns
heat,

(Annie & Mackenzie, Block 7, Model 2, D.1.1 L 3)

In this explanation, they identify the sun as a source of heat energy in the stream system.
Annie and Mackenzie’s model also includes examples of understandings of earth
science standards D.2.1 and D.3.3. For standard D.2.1 {(geochemical and nutrient cycles),
they have constructed relationships to show how sewage and fertilizers affects stream
nitrate and phosphate levels, which go on to affect water quality, “but a little is necessary
for plants to grow” (Figure 4.10). The relationships between erosion, creek temperature

and turbidity and water quality addresses Standard D.3.3 (interaction of earth systems).
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Figore 4.10: Annie and Mackenzie’s model 2 factor and relationship map showing
how developiment of new apartment buildings affects the sty

This same model clearly shows outside factors affecting factors of the creek. These
outside factors reveal conceptual understandings that map onto Standard I and are

explored in the next section.

Stendard F: Science in Personal and Social Perspectives

Twenty-six models (57%) included content that would fall with in the
environmental science standards (Standard F). Conceptual understandings were found
that mapped onto seven of the Standard F objectives (Figure 4.8b) and most were
demonstrated at the second level of understanding. Fourteen models included content
that mapped onto standard F.6.5, which included human impacts on other species. Annie
and Mackenzie’s model (Figure 4.10} provided an example of this conceptual

understanding. In their model, they included factor and relationship chains from human
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impacts such as lawns, pets, and parking lots to the populations of Taxa 1 and Taxa 3
benthic macro-invertebrates. In their description of urban runoff, Heather and Elnora’s
model (Figure 4.9) provides another example of conceptual understandings in standard

F.6.5.

FACTOR: Urban Runoff

Initial Value: medium Range: low / medium / high

Description: Urban runoff is introduced o the stream through heavy rains
and stormsewers. Runoff includes things such as toxins and heavy metals
along with silt and lawn chemicals and cleaning solutions and oils and
detergents. These things increase phosphate and nitrate levels. llegal
sanitary connections can increase fecal coliforum levels which makes the
risk of disease bearing pathogens more likely to be in the water.

(Heather and Elnora, Block 7, Model 2, F.5.6 L3}

This factor was connected via relationships to organic matter, then to aquatic plants, and
eventually to Taxa 1 and Taxa 3 populations (Figure 4.9). Kiley and Leah’s model
(Figure 4.11) also demonstrated a high level (1.3) on this standard (F.6.5). Their
understandings were exhibited in their description of the factor “amount of lawns and
gardens” and in the relationship affecting the amount of trees

Eight of the models used “population objects” in their models, which mapped
onto standard F.2.1. When a student chooses to create a population object, such as Taxa
1, instead of 2 “normal” or “background” object, Model-It 3.0b automatically defines
three factors for that object: rate of growth, rate of decay and count. The default
definitions set the initial rate at 0.5 - population doubling every 2-time steps.’®. Students

then have the option of redefining the factors and their ranges to more appropriate levels.
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An example of a model that used population factors extensively was the one created by
Cliff, Sean, and Jack in Block 1(Figure 4.12). In this model, they did not re-define any of
the population factors but they created relationships between the population factors and
other factors. So, their level of understanding for F.2.1 (Population change from effects
of births and deaths) was coded as Level 2.
The content in eight models also mapped upon standard F.5.2 - Human activities causing
accelerated rates of change. Kiley and Leah in Block 3 created a model that illustrated
conceptual understandings within this standard. In their model (figure 4.11), Kiley and
Leah created their key independent factor, Development: number of houses (represented
by the small group of people). As development increases, it affects discharge and
fertilizers in the creek, which in turn has a negative impact on the overall health of Traver
Creek.

Kiley and Leah’s model also demonstrated understandings on standards F.3.1 and
F.5.3, which were demonstrated in just a few models (Figure 4.8b). Standard F3.1, the
use of resources, is illustrated in at least three points in their model. The first point is in
their relationship between development:number of houses and houses:roads and
driveways, which they explain as:

RELATIONSHIP: (Direct)

As development : number of houses increases, houses : roads and

driveways INCREASES by ABOUT THE SAME.

Explanation: As more and more houses go up, families move in and need

roads and driveways to get into town and siuff. Therefore, the amount of
driveways increase by the same amour as the houses, because one house

*® A rate of 0.5 is an exizeme rate. Population rates work on the same principle as
interest rates. Rapid human population growth is often in the .03-.04 range, doubling the
population size every 15-25 years).
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needs one driveway, and not oo many roads are needed per house
(Kiley & Leah, Block 3, Model 2, Figure 4.11)
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Figure 4.11: Kiley and Leah’s model on how buiidings will affect the creek. Cycle 2,
Block 3.

The second point where they demonstrate this understanding is in the relationship

between roads, driveways, and runoff, which they explain as:

RELATIONSHIP: (Direct)

As houses : roads and driveways increases, houses : runoff fromr & d
INCREASES by A LITTLE.

Explanation: With more roads and driveways, more and more salt will
have to be put on them, as well as other chemicals from the car exhaust
and other miscellaneous. These will eventually run with rain water into
the creek. A listle because one road will only create a small effect on the
amount of runoff. One road will lessen the capacity to absorb rain water,
which, with the road will now run into the creek.

{Kiley & Leah, Block 3, Model 2, Figure 4.11)

Lastly, the third point is where development affects the amount of lawns and gardens:
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RELATIONSHIP: {Direct)

As development : number of houses increases, lawns and gardens :
amouni of lawns and gardens INCREASES by ABOUT THE SAME.
Explanation: As more Jamilies move inio the houses, they will probably
want lawns, and might create gardens. We can assume that the deficiency
af lawns and gardens for people living in apartments will be made up for
by the extra gardens and lawns by the people who live in houses around
the creek

(Kiley & Leah, Block 3, Model 2, Figure 4.11 F.3.1 L2)
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effects of & golf course on the creek.

Standard F.5.3 - progressive changes in the environment that can affect society,
was demonstrated in this model through these same relationships and in the relationship
between houses:discharge affecting Traver Creek:substrate. In their explanation, Kiley
and Leah make specific reference to increased siitiness of the creek substrate, which
directly corresponds to the concepts of sedimentation and erosion contained in this

standard (F.5.3 = L.2).
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The second model assignment provided opportunities for students to demonstrate
understandings on 23 standards {81% of the Traver Creek Curriculum). However,
students’ models demonstrated understandings on a much smaller fraction of the possible
content, mapping onto an average of five standards per model (11% of the curriculum
content). The restricted content expressed in the individual models is not a negative
result since scientists value models whose simplicity generates the greatest explanatory
power.

In the models, students generally included content they knew and understood.
Ninety-one percent of the students demonstrated overall (median) understandings of level
2 or higher with a few models (4.4%) indicating a more robust Level 3 understanding
across the entire model. However, conceptual understandings were not demonstrated
evenly across models with modelers demonstrating more robust understandings in some
standards and weaker understandings in other standards.

This concludes the analysis of student understandings in the four artifacts that
were assessed. In the artifacts, students addressed most of the expected standards and
several that were not explicitly part of the assessments. For example, the first model
assignment was mapped onto seven conceptual standards but observations of student
understandings mapped onto sixteen standards. At the same time, the average number of
standards that students addressed in an individual artifact was much lower than the
expected number in all artifacts except the report. Of the 45 conceptual standards
addressed by the curriculum and 23 assessed, individual students demonstrated
understandings of an average of 9.3 conceptual standards {(range 0-17). Therefore, while

the entire set of artifacts provided feedback on student understandings across 51% of the
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curriculum, individual students were only demonstrating, on average, their competencies

on 21% of the curriculum.

Unders

dings demonstrated on the Pre and Post Tests

On the pretest, most students demonstrated limited scientific understandings.
That is, while some students may have demonstrated high levels (Level 3) of
understandings on one or two standards in the conceptual dimensions, none demonstrated
this level of understanding across the test (determined by their median scores). However,
on the post-test, students showed significant gains (p=.05 -.000) in their median scores
-across conceptual understandings when compared to their scores on the pretest (Figure
4.13 - CU). On the post-test, 26% of the students attained a median Level 3
understanding.

On the pretest, students showed higher levels of understanding in the Physical
(Standard B) and Earth Sciences (Standard D), where 30.2% and 16.7% respectively of
the students showed Level 3 understandings (Figure 4.13). At the beginning of the
project, no student demonstrated Level 3 understandings across the Life (Standard C) or
Environmental Sciences (Standard F) questions (Figure 4.13).

in the post-test, students showed significant gains in each of the major science
domains (p=.05-.000). The largest gains were in the Physical Sciences (B) and Earth &
Space Science (D)} (Figure 4.13). The percentage of students demonstrating under-
standings at Level 0 - no understanding (red bar), markedly decreased in each of the
content areas. Each of the major science content areas and their associated substandards

are examined more closely below.
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Figure 4.13: Comparison of Students’ levels of conceptual understanding
Pre- and post-test across each of the major content areas (n=96). Wilcoxan
non-parametric sign-rank tests were used to compare students’ pre and
posttest achievement (* p < .05, ** p = 01, *** p< 00

The pre and post-tests included questions in the Physical Science standards about
the structure of the atoms (B.1.1. Q 16 in part), use of the periodic table in naming
compounds (B.2.2. Qs 16, 23, 26); physical and chemical changes (B.2.5. Q’s 20,25) and
chemical reactions (B.3.1, Q 24, 26c)(See Appendix G & H). Students demonstrated

significant gains (p < 0.001) in understanding on each of these standards (Figure 4.14).
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B.1.1: Structure of atoms, B.2.2: Periodic Table, B.2.5: Physxca.i & Chemical changes.
Figure 4.14: Comparison of Students’ levels of understandings on the Pre/post-test
across the Physical Sciences - Standard B (ng=96). (**p .01, *** p < .001).

In the Life Sciences (Standard C), all standards showed significant gains (p = 0.05
to .000) (Figure 4.15). Some of the largest gains were in students’ understandings of
adaptations (C.5.4 - Question 22) with an additional 37.5% of the students reaching the
level of scientific literacy (Level 3) on the post-test. This was followed by
understandings of environmental {olerances (C.5.5 - Questions 10, 11, 14, 15 S1a) with
37.5% of the students demonstrating scientific literacy at the level of the standards on the
post-test compared to only 20% on the pre-test. Also in the understanding of organism
interrelationships (C.4.3 - Questions S1a), an additional 33.4% of the students achieved
scientific literacy {Level 3 understandings) on the post-iest compared to the pre-test (See
also Appendix I}.

In the area of Earth and Space Sciences, student demonstrated significant gains on
standards D.2.2 (chemical cycles) and 1.3.3 (interactions of earth systems) (p = .01 ~

.000) (Figure 4.16). On standard D.3.3 (interactions of earth systems), assessed in
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questions 17b and 27, 57.3% of the students demonstrated a Level 3-scientific literacy

understanding on the posttest compared to only 11.5% on the pre-test.

%@{} ¥ !
: ¥k ik ] Sk Sk %% ek 45
90
80
70
60
50 7 ‘
)
=2 !
S 40 !
g L
o |
30 —
20
10
0 ‘ . 5 ; ! - 4
£351C35 Q4.3§{‘,.45 C.-%.S.;M.S.%C.S.} (€53 C.S.Z%&S.Z EZ.S.!%‘,.{I.SA,% C.iS%f;S.ﬁ C36:058
{ ! j ; ! ! z i
Pre | Post | Pre %Pos%: Pre ];Post | Pre lPost Pre | Post | Pre iPosti Pre |Post | Pre | Post
Test | test | Test test | Test |test | Test | test | Test | fest ?est{test | Test ltest | Test st
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C.3.5 — Classification, C.4.3 — Competition, C.4.5 ~ Human Ecology, C.5.1 — Entropy, C.5.2 -
Photosynthesis, C.5.4 — Adapiations,
C.5.5 — Niches, C.5.6 — energy flow.
Figure 4.18: Comparison of Students’ levels of understandings on the Pre- and
post-test across the Life Sciences Standard C (ng=96). (¥ p =05, ** p = .01,
< .001).
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D.2.1 - chemical cycles, D.3.3 — interactions of earth systems, F.2.1 — population growth,
F.S.Z - environmental consequences, F.5.3 — natural hazards.

Figure 4.16: Comparison of Students’ levels of understandings on the Pre-/post-test
across the Earth and Space Sciences (Standard D) and the Environmental
Sciences (Standard F) (ng=9%6). (** p .01, ¥** p <.001)

Students also demonstrated more robust understandings about watersheds,
assessed on questions 1, 2 and 8 with almost 70% of the students demonstrating a literate
level of understanding on the post-test.

The three standards from content Standard F - Environmental Sciences also all
showed significant gains in students’ understandings (p = .000, Figure 4.16). The largest
gain in this content area was on question 12 dealing with erosion and stream substrates
{F.5.3) with 61.5% of the students answering the question correctly on the post-test.

The constructed response questions (¢.g. question. 15) showed considerable
change between the pretest and the post-test. On the pretest, many students left these
questions blank or simply wrote, “don’t know.” On the post-test, the quality and

elaborateness of the answers varied considerably. For example on guestion 15, which
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was used as an example of content analysis in Chapter 3 (Table 3.6), Kelly demonstrated
level 3 (scientifically literate) understandings on the three life science standards (C.5.1,
C.5.2, and C.5.5) and Level 2 (semi-literate) understandings on the two environmental
standards (F.2.1 and F.5.2) (Table 3.6). Kiley’s answer was coded at Level 2 (semi-
literate) for the life science standards and Level 1 (non-scientific) for the environmental
standards and Mack’s responses were coded at Levels 1 and 0 (Table 3.6).

There was also some evidence that students were thinking in a “cause and effect”
manner on question 15 that was not evident on the pretest. Students used phrases such
that one factor would go up and another would decrease (e.g. Carol - B3, Mallory - B3,
Leia - B3). A couple of students (e.g. Kwame - B3, Leah - B3) drew graphical
representations showing how one factor would affect another in this question.

In the scenarios, students also wrote more accurate and elaborate answers on the
post-test than on the pre-test. Here, conceptual understandings were demounstrated in the
hypothesis forming in Part A. At the beginning of the semester, for the first scenario,
involving an invasive species {zebra mussels or ruffe) and a decrease in native species, 37
students hypothesized that this was the result of a biotic interaction {(C.4.3) and 26
identified it as an environmental consequence (C.5.5). On the postiest, 69 students
hypothesized a biotic interaction, 12 an environmental consequence and 7 incorporated
both possibilities. The level of understanding also changed significantly {p =.001) with
15% of the students demonstrating a level 3 (scientifically literate) understanding of
biotic interactions (C.4.3) on the pretest and 49% at Level 3 on the post-test (Figure

4.15).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The concept map question on the pre- and post-test instruments also revealed
information about the students’ changing conceptual understandings. On the pretest, only
6 of the 96 students added concepts to the partial map given in the question. The mean
number of added concepts was 0.2 (sd = 0.9). The largest number of concepts added to
the pre-test concept map was five, added by two students (Doug and Clay).

In contrast, on the post-test at the end of the unit, over half of the students (55%)
made additions to the given map. Students added an average of 4.7 concepts (sd =4.9) to
the map. These improvements were made to the concept map even though the only
“mapping” students had done during the semester was in the Model-It program. For
students who added to the map, most added between 6 and 10 concepts. Lynnette added
18 concepts to her map. Paired t-tests showed that the difference between number of
concepis added to the pre and the post-tests was highly significant (p= .000).

Students also did a better job of linking" their concepts on the post-test when
compared to the pretest. On the pretests, only 3 students added appropriate links (2-4)
between concepts on the map. On the posttest, 55% of the students added links (mean
number = 4.6, sd = 5.3) between concepts. Again, paired T-tests showed these changes
to be highly significant (p = .000).

Likewise, student explanations about their changes to the concept maps changed
significantly (Wilcoxan sign-ranked test p= .000) between the pre and post-tests. Since
on the pretest most students did not modify the map at all, it should not be surprising that

they also did not add an explanation. On the post-test however, 54 students (56%) wrote

¥ In a concept map, a link is an appropriately labeled line or arrow connecting two or
more concepts.
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something to explain their concept maps (17 explanations were coded at conceptual
understanding Level 1,33 at Level 2 and 4 at Level 3.).

Overall, students demonstrated significant changes in their understandings as
measured by the pre and posttest instruments. Students’ written answers were longer and
more elaborate on the post-test than the pre-test. On each of the individual standards,
they also demonstrated significant gains with the highest gains being in the physical and
earth sciences (Standards B & D, Figures 4.14 and 4.16).

Because of the descriptive nature of this study, the pre/post test data cannot be
used to make claims about student achievement within the Creek project as compared to
student achievement in other environments. It is expected that students will learn content
over the course of a semester. The pre-/post-test data affords a baseline measure for
student understandings at the beginning of the project and a measure of their
understandings at the end of the project. As such, it provides a means for comparison for
demonstrations of understandings in the four major artifacts, which were described
above.

This section, which analyzed student understandings in the six different
assessments, laid the foundation for the final question, “Did students’ understandings
change over time?” This question is partially answered by considering that the lengths of
the descriptions of understandings demonstrated grew longer with each artifact that was
assessed. The differences in the understandings assessed in the pre- and post-tests, as
described above, laid further groundwork. In the next section, understandings

demonstrated by individuals and changes over time will be described and analyzed. The
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data will also be examined to see if students specialized in certain content areas or

exhibited other patterns of understandings.

Demonstrations of Student Understandin

in addition to the question of “What understandings do students demonstrate in
the specific artifacts?” which was answered in the previous section, this study also
guestioned how students’ demonstrated levels of understanding would change across the
artifacts. One concern in allowing students some choice in their artifacts was that
students might present patterns of understanding such as avoidance or specialization, i.e.
consistently representing the same phenomena or content across the different artifacts.
The results of the Wilcoxan signed-rank analysis provide answers to these questions. In
this section, the results of the fourth and fifth lines of analysis, comparing understandings
demonstrated across artifacts and across time, are presented and discussed.

Several conceptual understanding standards were represented across the set of
artifacts (Appendix B) although only one (D.3.3) was in all six assessments (Figure 4.17).
The standards that were assessed in multiple measures reveal whether or not students’
understandings were stable or if (and when) they changed over the semester long creek
project. However, the main finding in this step of the analysis was that even when a
standard was assessed on multiple measures, students often did not display
understandings in these same standards. For example, on standard D.3.3 (earth systems},
which was assessed in all six measures, only 4 students demonstrated understandings on
this standard in all six assessments.

Early in the semester, most students demonsirated weak conceptual
understandings, a finding that was not unexpected since students had not time {0 engage
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in the content. Most of their observations were disconnected, providing evidence that
they may have picked up some knowledge of the stream, but had not yet connected these
pieces of knowledge into a conceptual framework indicating an understanding of what
they observed.

Four students demonsirated more connected understandings (Leia, Anita and Ezra
in Block 3, Jeanette in Block 1) illustrated by the number and quality of standards that
mapped onto their essays. Jeanette and Leia were also among the higher scoring students
on the pretest. These facts may be the result of having studied another creek in Middle
School as these students made references to Honey Creek, on the west side of the city.

Considering the next set of artifacts, both the water quality reports and the first set
of computer modeis were created midway through the project. There were six standards
that were addressed in both report and model 1 (Appendices B & I). On most of these
standards, the few students that represented this content in both artifacts did so at the
same level of understanding. The exception was standard D.3.3 (interactions of earth
systems) where students demonstrated significantly higher levels of understanding in the

models than in the reports (n=36, p= .049%) (Figure 4.17).
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ird D.3.3: Interaction of Earth Systems across measures.
1y

Figure 4.17: Stand:
(ns p>.05, ¥ p=.05 ¥ p< 01, *** p=x .0

Comparing the distribution of understandings demonstrated in the first set of
models to the second model, there were a few changes in understanding that were
evident. First, understandings mapped onto a larger range of standards in the second set
of models (23 vs. 16). The difference in number of addressed standards may reflect the
differential opportunities provided by the assignments as well as additional
understandings developed during the intervening period. Secondly, the demonstrated
understandings in each of the broad content areas were higher in the second model than
the first. At the individual student and standard level, there were no significant
differences between levels of understandings demonstrated in the two models (Appendix
1.

The lack of apparent change within students is mostly a consequence of the low

number of cases or paired comparisons {n; values) in the pair-wise Sign-tesis. Two
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standards (C.4.2 and D.3.3) showed a tendency toward changing levels of understanding.
On Standard C.4.2 (food chains), five students (ne=7) showed higher levels of
understanding in the second model (p =.063). In Standard D.3.3 (interactions of earth
systems), thirteen students demonstrated higher levels of understanding in the first model
than the second and five students showed a higher level of understanding in the second
model (p=.096, n. =45 Figure 4.17, Appendix [). However, neither of these trends are
statistically significant at the 0.05 level.

The mid-semester report and the second model at the end of the semester had
seven content standards in common (B.2.5,C.44,C.54,C.55,C56, D33 & F3.1). Of
these, two standards showed a tendency (not significant) toward higher levels of
understanding in the later artifact. In the Physical Sciences (B.2.5 — physical states) four
of seven students showed higher levels in the model (n, =7, p=.125). In the Life
Sciences (C.5.4 - adaptations), two of three students demonstrated higher levels of
understanding (nc = 3, p=.500). Again, the small number of paired cases (n.) for these
two standards means that these findings are not significant at the 0.05 levels.

Comparing demonstrated understandings in the second model and the post-test
given at the end of the semester, there are more paired cases {n, values) and several of
the observed differences are significant (Appendix I). In the Physical Sciences (B.2.5),
29 students demonstrated higher understandings on the post-test, nine on Model 2 (ng =
41 (29+9-}, p = .002). In the Life Sciences, two standards showed significantly different
levels of understandings on the two measures. For standard C.4.3 (interactions,
competition), ten students did betier on the post-test, two in the model (ng=15(10+2-),

p=.039). For standard C.5.5 (niche concept), 31 students demonsirated higher
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understandings in the post-test, 16 in their models (n; = 74(31+16-), p=.041 Figure 4.18).
And in the Earth Sciences (D.3.3 — earth systems), 42 students exhibited higher

understandings on the post-test, 13 in their models (nc=62, p=.000 Figure 4.17).
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NonPar | Pre Essay Report Modsi 1 Model 2 Post-test com
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n, T(5+3) 1303+0- | 46(7+7) 515+ 8- | 7431+ 16-) | 96(79+4-)
D 0.219 0.250 1.000 1.000 0.041% 0.000%#*
Figure 4.18 : Standard C.5.5: The Niche Concept and Environmental Tolerances

2CroSs measures. (os p>.05, *p 5 .05 ¥* p g .01, *#*¥ p=.0061)

In Standard C: the Life Sciences, four standards were assessed in multiple
artifacts (C.3.5, C4.3, C.5.2, and C.5.5). The niche concept (C.5.5), assessed by the
reports and two modeling assignments showed the highest frequencies of demonstrated
understandings in the artifacts (Figure 4.18). Of the 78 students that included this
understanding in their reports, 46 used this content in their first model and 60 used it in
their second model. Fifty-one (51) students included this content in both model 1 and
model 2 (Figure 4.18 and Appendix I, Standard C.5.5). Nine of these students showed

higher levels of understanding in their second model and eight students demonstrated
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higher levels of understanding in their first model (no significance). There was a
significant improvement (p=.041) in demonstrated understandings on the niche concept
{C.5.5) between the second modeling assignment and the posttest the next week. Thirty-
one (31) students demonstrated a higher level of understanding along standard C.5.5 on
the post-test (Questions 10,11, 14, 15, & Sla - Appendices B & C) than on model 2.

Within the Earth & Space Science standards, Standard D, three standards
appeared in multiple artifacts (D.1.1, D.2,1 and D.3.3) Understandings about the
interactions of earth systems (standard D.3.3) were assessed by all six measures as
discussed above. More students represented content understandings that mapped onto this
standard than the other two standards in the earth science. Students showed higher levels
of understanding on the essays (ng=11, p =.039), report (n=69, p =.000) both models
{(ng=62, p=.000) and the post-test (nc=96, p=.001) than they did on the pretest(Figure
4.17). Comparing artifacts, the only significant difference in demonstrated levels of
understanding on standard D.3.3 was between the report and Model 1 (n=36, p = .049).
In addition, between the first and second models, there was a trend in decreasing the level
of demonstrated understandings with 13 students demonstrating a lower level
understanding on their second model than on their first model (ng=45, p=.096), often
because they failed to fill in their explantion boxes on Model 2.

On the second model, 17.4% of the students demonstrated a level 1 understanding
for standard D.3.3 (interactions of earth systems). This is the highest percentage for
Level 1 understandings among all the content standards on any artifact. The high
frequency of Level 1 understandings on standard D.3.3 may be atiributed to the lack of

any explanation in the student’s description boxes as well as inaccurate relationships.
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Students’ achievement for standard D.3.3 (interactions of earth systems) on the post-test
was significantly better than on each of the other assessments (Figure 4.17).

In general, students’ understandings along the standards increased over the course
of the creek project (p=.05-.000). The four exceptions to this change are found in
standards C.4.2, C.4.4, D.1.1 and F.5.6 (Appendix I). For three of these standards (C.4.2,
C.4.4, F.5.6) there were too few cases in the sign-rank test to find a significant pattern.
For standard D.1.1 (sources of energy) there was a change from a fairly even distribution
of represented understandings across the three levels of understanding on the first model,
to a more dominant distribution around level 2 understandings in the second model
{Appendix I). In the 12 cases between the two models, four students demonstrated a
higher level of understanding in the second mode! and four demonstrated a lower level of
understanding (no siatistical change).

The small numbers of paired cases of students and standards in consecutive
artifacts is evidence that students are not specializing in content. That is, a student that
received positive feedback on their essay when they observed eroded culverts in the
stream or the effect of shading on photosynthesis did not build upon those observations
when asked to create a computer model of the stream. Nor did students emphasis the

same content in preparing their stream report.

Chapter Sunun

ry

In this chapter, [ answered the following questions:

° What opportunities were provided by the different artifacts for
students to express their scientific understandings?
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® How much of the course content could potentially be represented by
each artifact?

® How much of the course content was represented by the set of
artifacts?

° Which parts of the curriculum were not represented by the artifacts?

® Were some constructs over-represented and others under-represented
by the set of artifacts?

e What conceptual understandings, breadth and depth as mapped on to
the Standards, did students demonstrate in the artifacts?

e What patterns of understandings were demonstrated by the students?
Did some students consistently display understandings around the
same content across the different artifacts, or were they displaying
different understandings?

e How did students’ level of demonstrated understanding change across
the artifacts?

The Traver Creek project address 45 content standards. The artifacts potentially
assessed more than half of the standards. Content standards in the Life Sciences
(Standard C), Earth and Space Sciences (Standard D) and Environmental Sciences
(Standard F) are well represented in the artifact assessments. The artifacts were weak in
assessing undersiandings in the Physical Sciences (Standard B) especially conceptual
understandings related to chemistry.

The content analysis of each artifact informed the teachers and the researcher
about how useful a specific measure would be for characterizing students’ understandings
relative to course contenf. The summary of expected and observed standards in the
standards matrix (Appendix B summarized in Table 4.6) shows that as a whole, students
addressed most of the expected standards and several that were not explicitly part of the
assessments. For example, the first model assignment was mapped onto seven

conceptual standards but observations of student understandings mapped onto sixteen
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standards. However, the average number of standards that students addressed in an
individual artifact was much lower than the expected number in all artifacts except the
report. Of the 45 conceptual standards addressed by the curriculum and 23 assessed,
individual students demonstrated understandings of an average of 9.3 conceptual
standards (range 0-17) across the four artifacts. Therefore, while the entire set of artifacts
provided feedback on student understandings across 51% of the curriculum, individual
students were only demonstrating, on average, their competencies on 21% of the
curriculum. Further consideration is needed here to determine how the “explicitness” of
the task structure is correlated with students demonstrating a specific understanding.
Related issues will be addressed in chapter 5.

Table 4.6: S

National Science Fducation Standards. Values represent n
lards in that content area.

nary of expected and observed conceptual understandings along the
ber of

Essay Report Model 1 Model 2
E O E O E O E @)

Content area. Expected | Observed | Expected | Observed | Expected | Observed | Expected | Observed
Standerd B - Physical
Science 0 G 0 3 0 1 2 2
Standard C - Life
Science 3 3 3 g 4 9 10 10
Standard D - Earth
and Space Science z 2 H 3 3 3 4 4
Standsrd F - Science
in Personal and Social s 4] 2 4] 0 3 3 7
Perspectives
Total number of
counceptual Standards 10 11 6 17 7 16 23 23

ean number of

1.29 7.95 2.5 5.158

wdards per
artifact:
Additional understandings, beyond the specifications of the assessments, were

also observed and mapped onto relevant standards. These cecurrences reinforce the need
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for an evaluator to be sensitive to unexpected outcomes when trying o characterize
student understandings.

For the most part, even when a standard was assessed on multiple measures,
students dié not display understanding on the same standard in sequential assessments.
The niche concept (standard C.5.5), assessed by the reports and two modeling
assignments, shows the highest frequencies of demonstrated understandings in the
artifacts (Figure 4.18). This finding on the lack of follow through would not support 2
hypothesis that students will specialize in content when offered some choice in artifact
construction {e.g. focusing on effects of salt on a creek system). In most cases, students
did not demonstrate understandings of the same content in consecutive artifacts, even
when those assessments offered opportunities for students to use that content.
Consequently, there was insufficient data to show changes in individuals’ understanding
across artifacts. The pre/post results do show sigaificant (p =.05 - .001) increases on
seventeen standards on the post-test. But considering the total sample of students, in
general, students’ understandings along the standards increased over the course of the
creek proiect (p=.05-.000).

The next chapter considers the implications of using the Standards and artifacts in

assessment programs
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C TERS

DISCUSSION

In the previous chapter, | described the types of understandings students
demonstrated in the artifacts they constructed. I also provided some interpretation about
specific understandings that were demonstrated. In this chapter, I consider some of the
larger implications of this study for classroom instruction and as a research methodology.
The kinds of scientific understandings that students demonstrated during the Traver
Creek project and the implications for instruction comprise the fist part of this chapter.
The second section focuses on the usefulness of the National Science Education

Standards (NRC, 1996) as an assessment tool.

at do stadents learn?
And what are the implications for instruction and assessment?

Social constructivist orientations to learning science have led several scholarly
groups to research the impact of inguiry instruction on conceptual understandings (Keys
& Bryan, 2001). Most of the studies cited by these anthors occurred in elementary or
middle school classrooms and Keys and Bryan (2001) call for more research on inquiry-
based learning to support conceptual understanding at the secondary level.

This study helps fill in the gap at the secondary level. The study was situated in a
public high school where the teachers were initiators and co-designers of a science
curriculum, which implements many of the same innovations and principles as
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recommended in the Standards. The 18-week curriculum had been piloted five years
previous to this study and had undergone several cycles of refinements by the teachers in
collaboration with university-based researchers.

The Traver Creek Curriculum addressed a substantial number of the Standards
explicated as being important for high school students’ conceptual understandings. These
forty-five Standards were distributed across the Physical, Biological, Earth and
Environmental Sciences (Appendix B}. One critique of the curriculum might be that too
many standards are being addressed in the 18-week semester, with little hope of students
actually mastering that much conceptual content. This is certainly a valid concern, given
an emphasis in science education of “less is more” and recommendations to move away
from encyclopedia textbooks. However, in reply to this concern, it is important to
acknowledge that the Traver Creek curriculum is but the first project in the three year
Foundations of Science Curriculum. If the Creek project is the students’ only encounter
with the 45 conceptual standards, then indeed, too many standards are being addressed
with an expectation for students to achieve mastery in all of them. On the other hand, if
students repeatedly encounter the same conceptual standards in different contexis
throughout the three-year curriculum, then the burden of achievement is shifted from a
single project to the entire FOS program. The latter situation is the case for many of the
45 standards addressed in the creek project. For example, many of the chemistry
standards in Standard B form the core of two projects in the third year of the program.
Therefore, further studies of students’ achievement after three years in the FOS program

are recommended fo fully address this concern.
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Ecological Understandings

Over the duration of the Traver Creek project, students demonstrated deeper and
more elaborate conceptual understandings about the creek ecosystem. This growth in
understanding was evident in both the analysis of the artifacts and especially in the
evaluation of the post-tests against achievement on the pretests.

Across the collection of student artifacts, students’ understandings evolved from
lists of unconnected observations found in their essays to detailed cause and effect
relationships in their second set of models. For example, in the second set models,
students created relationships showing factors outside of the creek (like urban
development) affecting factors inside the creek (nutrients, turbidity or dissolved oxygen),
which in turn affect the presence specific taxa of benthic macroinvertebrates and also the
creek’s overall water guality (e.g. Annie and Mackenzie’s model in Figure 4.10).
However, even though students are building more complex models, they often failed to
fill in the explanation fields so the determination of their levels of understandings was
hindered by the lack of information. In concert with the growth of understandings
demonstrated across the four analyzed artifacts, students showed significant growth in
understandings in each of the four main content areas of this ecology project when
measured on the pre-post instrument.

This finding of growth in understandings is congruent with that of other
researchers. For example, Fellows (1994) study, of sixth-graders and their writing, found
that these students (a) added new principles or theories to their conceptual schema, (b)
organized their schema around more central concepts, and (¢} moved closer to scientific

understandings. Indeed, one would be surprised if students did not learn content during a
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program of study. The present study characterizes demonstrated levels of understanding
and shows the growth in the number of connections that students make. This study does
not make any claims that students’ understandings have been optimized in this
instructional environment. To do the later would require much additional analysis of the
classroom observations. This study also does not make comparisons between the ninth

grade FOS students and ninth graders in other learning environments.

Implications for Instruction: Modeling and Feedback

In this study, it was thought that the features of Project-based Science that
supported the Traver Creek curriculum would promote understanding in the students. In
particular, the creation of artifacts such as the stream reports and computer models, which
demonstrate the connections students make between concepts, and reveal what they
understand about that subject matter, were thought to both promote and reveal students’
understandings (Gardner, 1991; Lehrer, 1993; Wisnudel-Spitulnik, Stratford, Krajcik, &
Soloway, 1996).

However, as was illustrated in the previous chapter, students were able to
demonstrate only limited numbers of understandings in the different artifacts that they
created. Although the class set of artifacts demonstrated understandings across the range
of expected Standards, individual artifacts revealed understandings on just a fraction of
the expected Srandards in all cases except for a few stream reports. Similar lack of depth
in demonstrated understandings have been noted by other researchers.

As was discussed in Chapter 2 (pp 25-26) conceptual understandings do not occur
in isolation in the domain of science. Conceptual understandings influence and are in
turn influenced by epistemological and strategic understandings. In their paper on
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“conceptual ecologies”, Posner, et al., (1982) discussed the difficulties inherent in
achieving student concepiual change when the epistemological commitments of the
student differ from those of the scientific community. For instance, if students are
operating within an epistemology of “school” rather than science, then their
epistemological commitments about the nature of evidence, the importance of parsimony
in a theory, and metaphysical beliefs such as faith in the orderliness of nature influence
their willingness as learners to give up their naive conceptions in favor of more scientific
views (Posner, et al., 1982).

Gallagher (2000) believes that students' inability to understand and apply new
be evident to students that the assessments, examinations and tests they take demand
anything beyond factual recall. (2.) Students have not been taught how to, nor that they
should, make sense of new information. (3.) Students are not commonly taught how to,
nor that they should, make connections between new information and information that
they have previously learned in order to develop a deeper understanding of the subject
matter. And (4.) application of scientific knowledge tends to be given little importance in
science classes and on science tests used to determine grades.

Gallagher’s (2000) list appears to be reflected in the early student work analyzed
in this study. As has been noted, students tended to relate a list of facts or unconnected
observations in their essays on the siream. In the stream reporis, students were able to
build some connections in the introductions to their reports but were not able to integrate
their own data into their discussion and conclusion sections. In contrast, the modeling

artifacts, by virtue the features provided by the software, appeared to facilitate the
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building of connections. That students learned to build connections from the modeling
experience was evident in the post-tests, especially in the constructed response questious
where students’ responses were much more elaborate, included “cause and effect”
statements and even incorporated graphical representations. Thus, in the Foundations of
Science curriculum, where projects like the Traver Creek curriculum are situated in
community contexts, students appear to develop rich connections.

Items two and three from Gallagher (2000) have particular implications for
instruction in science, even in the Foundations of Science program. For many students,
leaming is equated with memorizing. That learning involves personal sense-making and
reconciling personal constructions with accepted canonical knowledge is an unfamiliar
idea for most students (Gallagher, 2000; Wiggins, 1991) but something that the FOS
teachers strive to incorporate in their projects. Furthermore, making conneciions among
ideas is not a spontaneous response for many students. Unless connections are made
evident to students, many will not identify them. However, both making-sense and
making-connections are essential elements in forming understanding, which teachers
have always expected students would do as part of their study. The features of Project-
hased Science (Blumenfeid, et al., 1991; Kraicik et al, 2000, Marx, et. al., 1997; Krajcik,
et al. 1999) that the teachers incorporafed into Foundations of Science, i.e. driving
questions, inquiry activities and artifact creation, help support and make more explicit the
“making connections” part of leaming science.

One implication from this study is for teachers to take some of the inferred
expectations of understanding and make them more explicit to students in their

classrooms through a variety of approaches including modeling sense-making behaviors,
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direct instruction and providing high-end examples of student artifacts. For example,
before the essay assignment early in the project, the teachers could provide students with
some essays from previous years and have students discussed which information included
in the essays would be useful for their own study of the creek and what information was
lacking that they would want to know. In addition, the whole class could critique an
example essay and provided feedback to its author before doing the individual peer
critiques. Such analyses could help students improve their own writing. In addition, high
quality essays from previous years could be held up as models for the students in the FOS
I class.

Likewise, students’ demonstrations of understandings in their reports and models
could also benefit from more scaffolding of the artifacts. In termas of the reports, good
writing begins with a careful definition and interpretation of the problem, defining the
problem first in terms of aim or purpose, and of audience (Maimon, et al., 1981). To
move the concept of audience from teacher to the community, a representative of the
watershed council could meet with the students and share how their study fits into the
scope of the larger community. In addition, “high-end” examples of reports and class
critiques could help students improve the writing of their team reports.

The determinations of understanding in the models were limited by the
information that students provided (or failed to provide). Many explanation fields were
left empty so inferences about actual understandings were limited. Here again, providing
more support for student artifact development through the use of examples and classroom
critiques could improve the quality of understandings demonstrated in the artifacts. In

the case of the Model artifacts, students did participate in a classroom critique of a model
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just before the second modeling cycle. Anocther researcher created this model by
combining and illustrating common problems like circular feedback loops (Metcalf,
1999). This classroom critique seemed to improve the “workability” of the models
(Metcalf, 1999),

Unfortunately, in the “typical” classroom many students do not accept the view
that understanding is what is expected. Instead, they see memorization as the goal.
Classrooms attempting to implement the Standards need to change students’ perceptions
of expectations.

Several studies have shown that the majority of class-time is devoted to helping
students acquire information deemed essential as part of the knowledge base of science
(Treagust, Jacobowitz, Gailagher, & Parker, 2001; Mitman, Mergendolier, Marchman, &
Packer, 1987; Gailagher & Tobin, 1987; Tobin & Gallagher, 1987). Often, only a small
amount of class time is devoted to helping students make sense of the new information
and make connections among the various pieces of scientific knowledge in a way that
leads to understanding. Moreover, even less time is devoted to helping students learn how
to apply the abstract, conceptual knowledge of science to the world they experience
outside of school. There is comparatively little information about development of
epistemological understandings in the classroom.

Although beyond the scope of the present study, the data set developed in this
study could be used to examine the teachers’ roles in promoting understandings

throughout the Traver Creek curriculum,

Implications for Instruction: Engagement in Inguiry

The types of inquiry based learning environments called for by the Standards are
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thought to promote robust understandings, the difficulty in creating these environments
and in characterizing the types of understandings these environments are thought to
develop (Blumenfeld, et al., 1997) means we do not have sufficient evidence to support a
claim of robust understanding. Exactly what students learn, in terms of depth and breadth
of scientific understandings and proficiency in the Standards, has yet to be established.
This lack of evidence has been identified as a major gap in the research base of the
science reform movement (Anderson & Helms, 2001).

The difficulty in creating inquiry —based learning was also experienced in this
study. Although the curriculum for the Traver Creek project included student research
projects, these projects were dropped due to classroom time constraints. As a result, the
students in this study did not have the full range of opportunities to develop their strategic
understandings in a way that would interact with both their conceptual and
epistemological scientific understandings.

The students in this study were able to experience some inquiry types of activities,
especially in their model building. Stratford (1996), Penner, et al., (1997), and Finkel and
Stewart (1994), all found that as students engage in model building, they build conceptual
understandings and that students tend to construct more in-depth conceptual
understanding when building more complex models. Stratford (1956) related the model
building processes to the conceptual richness of their final models. He suggested that
students who employed more strategies (analysis, relational reasoning, synthesis, testing,
debugging, planning, explaining, questioning, and searching) produced models that were
conceptually richer than students who used fewer sirategies. In the present study, it was

the model building that appeared to have the greatest effect on student understandings, in
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particular the connection of one observation o another in cause and effect relationships.

Student engagement in authentic scientific inquiry is an iraportant classroom
activity according to the Standards. Students are more inquisitive about the things they
know about than the things they do not. Therefore students who understand some science
are also likely to ask questions about how things happen, what causes them to happen,
what processes are involved, how people have come to give such explanations, and what
evidence supports the explanations. Scientific understanding, particularly in the
conceptual and strategic dimensions, provides learners with the conceptual and technical
(or procedural) tools, which produce the power and precision that would not otherwise be
possible (Lee & Brophy, 1996).

In his essay on the Structure of the Disciplines, Schwab (1964) described the
interactions of the conceptual and strategic dimensions. Schwab (1964) contended that
our conceptual structure, especially our ignorance, leads us to formulate questions,
which, in turn, lead us to investigate and collect data. Those same conceptual structures
influence the way data are interpreted. He goes on o explain the reverse interplay of
strategic understandings on conceptual understandings and the recursive nature of the
feedback between the two dimensions.

In the Traver Creek project, if time consiraints limit the inclusion of both
modeling activities and student investigations, then perhaps another approach to creating
the computer models could be employed. Instead of creating two discrete models,
students could work on an evolving model over the course of the semester. In this
scenario, each time students visit the creek to collect data; they would be expected to

revise their models based on their new analyses. The assignments for each revision could
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be made explicit based on the data being collected. For example, after the first
observation walk the led to the essays; students have an idea of the land uses around the
creek. They could pick a single land use they observed (e.g. parking lots) and create a
model showing their hypothesis of how a change in that level of land use would affect the
over all health of the creek. On each subsequent visit for the physical, biological and
chemical assessments, students would collect additional data and could revise their
models appropriately. Such a scenario would more closely mimic the use of modeling in
the scientific community where models are refined and revised as new information

becomes available.

plications for Assessment

As noted in the early chapters, many studies of student understandings employ an
“objective” instrument such as normative or standardized assessments or other a priori
instrumentation. Often these instruments are used as a pre/post test type of measurement
and are constrained by psychometric standards of validity and reﬁiabﬂity; In
constructivist learning environments, this method of using pre-constructed pre- and post-
tests may not adequately capture the range of developing understandings that occur when
students pursue different lines of inquiry and/or create a variety of artifacts, especially if
students demonstrate deeper understandings in certain parts of the curriculum or draw
unanticipated links to other content. In contrast, this dissertation study employed both a
priori instrumentation and alternative modes of assessment grounded in student work (o
examine the breadth and depth of student understandings of a complex system, the
ecosystem of a creek. The student work included four substantial artifacts: essays,
scientific reports, and two dynamic computer models.

181

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



There is nothing particularly new or innovative about having students construct
artifacts in the classroom. Students have done extended research or lab write-ups, term
papers, and other projects to fulfill class requirements for as long as there has been
schooling (Madaus & Tan, 1993). Now these approaches are being extended beyond
individual classrooms to provide useful tools for conducting educational research and to
pose a challenge to traditional ways of mass testing (e.g. Maeroff, 1991; Mehrens, 1992).

Science fairs and art contests are project type activities with a long history in
schools (Fitzpatrick & Morrison, 1971). They are frequently well organized and carefully
judged. Historically, the evaluation of the products was made difficult by the fact that
each student was usually doing a quite different project. Not only was it hard to compare
the relative merits of the art or science projects in general, but it was difficult to decide
what the general bases for evaluation should be (Fitzpatrick & Morrison, 1971)

The development of scoring rubrics has made the evaluation of student artifacts
more reliable and efficient. The rubric is a standard of performance for a defined
population (NRC, 1996, Chap 5). Typically, scoring rubrics are developed by the teachers
for the students in the class based on the criteria explicated in the assessment (see Table
5.1). The steps in designing a scoring rubric involve defining the performance standard
for the scientifically literate adult and then deciding which elements of that standard are
appropriate for the particular class of students (NRC, 1996, Chap 5). The draft
performance standard is refined by subsequent use in evaluating student performance and
work. Finally, student performances with respect to the rubric are differentiated.
Performances are rated satisfactory, exemplary, or inadequate. Differences in opinions

about the rubric and judgments about the quality of students’ responses are moderated by
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a group of teachers until consensus is reached for the rubric (NRC, 1996, Chap 5).

Table 5.1 Examples of 2 General Scoring Rubrics and the Coding Scheme used in

study

assess a variety of science learning
situations {Price & Hine, 1994).

General scoring rubric could be applied to

Coding Scheme used in this study, adapted
from Stratford (1996)

Outstanding: All the criteria are met,
and the product or assessment
exceeds the assigned task and
contains additional, unexpected,
or outstanding features.

Good: The product or assessment
completely or substantially
meets the criteria

Fair: The product or assessment
meets some of the criteria and
does not contain gross errors or
crucial omissions.

Inadeqguate: The product does not
satisfy a significant number of
the criteria, does not accomplish
what was asked, contains errors,
or is of poor quality.

Poor: The student did not do the
task, did not complete the
assignment, or shows no
comprehension of the activity.

Level 3: Explanation is scientifically
correct {o the level used in the
National Science Education
Standards (NRC, 1996) and
contains no extraneous or
incorrect ideas, statements
concur with expert propositions
(proficient or mastery level)

Level 2: Explanation is partially
correct but contains some
extraneous and/or incorrect
information (developing).

Level 1: Explanation contains
substantial errors or
fundamental differences
between the students' and
expert's conceptions as depicted
in the Standaords (non-scientific
Or novice).

Level §: Student did not provide an
explanation. OR, if some
response is given, it does not
evidence understanding,
perhaps nonsensical {(no
evidence)

The coding scheme employed in this study followed the basic design principles

called for by the Standards document (Chap 5). However, instead of evaluating the

overall artifact according to a holistic scoring rubric, each instance of conceptual

understanding was dissected out and evaluated (Table 5.1 and Appendices E & G).

Furthermore, instead of examining the standards for the “scientifically literate adult
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{NRC, 1996)” and then deciding which elements of that standard are appropriate for the
ninth grade students, this study used the standards for the “scientifically literate adult * as
the “Level 3” code (Table 5.1). As a consequence, the coding scheme used to evaluate
student understandings in this study was often more severe than the teachers’ evaluations.

Throughout the semester, the ninth grade students in this study produced a
plethora of artifacts assigned by their teachers. Some of these required relatively little
student effort such as homework assignments, summaries of reading assignments,
quizzes, activity handouts, etc. and potentially represent more knowledge recall than
understanding. The classroom teachers using assorted rubrics and scoring schemes
scored all of these artifacts. However, because the coding scheme employed in this study
required detailed analysis along each Standard of conceptual understanding expected
{and unexpected) in each artifact, the anticipation of knowledge vs. understanding was
judged not to justify the cost of scoring these smaller artifacts in terms of time and effort.
Instead, purposeful sampling was used to select which artifacts were subjected to the
detailed analysis, in particular those artifacts such as the written reports and computer
models, which required a greater time investment, were constructed over a number of
days, and, ideally, underwent cycles of revision.

Thus, the detailed analysis employed in this study is not recommended for general
classroom use. However, a detailed analysis using the Standards could be adapted and
employed for specific artifacts or student projects. As in this study, expected outcomes
can be relatively easily mapped onto the standards and a scoring matrix created for the
relevant standards. The problem with a priori mapping of Standards is that it will

probably miss “unexpected” demonstrations of understanding, unless the educator doing
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the scoring is knowledgeable about the Standards and able to recognize these occurrences
and map and score them appropriately.

The National Science Education Standards recognize that developing scoring
rubrics requires highly informed teachers experienced in the process (NRC, 1996, Chap
5). The content standards call for knowledge with understanding. Considerable rescurces
must therefore be devoted to preparing teachers and others in the science education
system to design and rate assessments that require students to display understanding

(NRC, 1996, chap 5), such as described in this study.

Implications for Additional Research

The above discussions point to additional lines of research. For example,
although beyond the scope of the present study, one line of provocative research would
be to examine the teachers’ (Ms L. and Ms K) roles in promoting understandings
throughout the Traver Creek curriculum. The present study confined its analysis to the
assessment pieces of the curriculum. However, the data set upon which this study was
based includes extensive field notes and video observations on the classroom instruction.
This data can be examined for instances during instruction where teachers encouraged
students to extend or elaborate upon their understandings. Crawford (2000), in her case
study of a kigh school teacher, has identified multiple roles that a teacher might assume
to promote understanding: motivator, diagnostician, guide, innovator, experimenter,
researcher, modeler, mentor, collaborator, and learner. These categories may provide
useful lenses to examine the teaching of Ms L. and Ms K.

In addition, the implied need for additional scaffolding in the students’ creation of
artifacts opens the door for quasi-experimental designs where the level of scaffolding is
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varied while controlling the other variables of instruction. Such research would further
illuminate the effectiveness of different forms of scaffoldings.

This study also limited its analysis to the dimension of conceptual understandings.
it would be interesting to explore students’ demonstrations of strategic and
epistemological understandings in their artifacts and to look for patterns what would
indicate interactions between the understanding frames.

Because this study characterizes students’ understandings, in reference to the
Standards, as they embark on a three-year program of integrated, project-based science, it
provides a foundation for additional research. Interesting questions for follow-up study
are, “How persistent are the conceptual understandings developed during the creek
study?” “Do student invoke these understandings to make sense of science content in
subsequent projects?” and “How do understandings demonstrated in different projecis,
but mapping onto the same standards (near transfer) compare to the understandings
demonstrated in the artifacts examined here?” The latter question would shed some light
onto the critigues about the number of Standards addressed in the FOS creek curriculum.

Also, as this study uses the NSES as a frame of reference and language,
comparisons of understandings in reference to the Standards could be conducted across

time and space. The usefulness of the Standards as a tool will be explored in the next

section.

v of Learning

This study showed that over the course of the semester, students demonstrated
deeper and more elaborate conceptual understandings about the creek ecosystem.

However, the analysis employed here was limited to conceptual understandings and it has
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been noted how the strategic and epistemological dimensions of understanding may
interact with conceptual understandings. Acquiring scientific knowledge about how the
world works does not necessarily lead to an understanding of how science itself works,
nor does knowledge of the philosophy and sociology of science alcne lead to a scientific
understanding of the world (AAAS, 1993 p. 4). The challenge for educators is to weave
these different aspects of science together so that they reinforce one another. Learners
need to use strategic understandings of inquiry and problem solving to develop
conceptual understandings. They need to use their conceptual understanding when
engaging in inguiry and problem solving and their epistemological understandings to
make sense of their findings. Their epistemological understandings inform their choice
of strategies when involved in investigations and as they structure their conceptual
understandings.

Teachers in classrooms attempting to enact the Standards need to be aware of
students’ tendencies to employ “school” epistemologies. Keeping these tendencies in
mind, teachers can help students develop scientific understandings as students carry out
inquiry activities and develop artifacts that represent their understandings. Artifacts have
the potential to both promote and assess students’ understandings if they are employed in
a thoughtful and purposeful way in the classroom. The usefulness of the Standards as a

frame of reference for assessing these artifacts is addressed in the next section.

Using the National Science Education Standards as a assessment tool

Comparing student understandings on a pre-post objective instrument is relatively
unproblematic. When there is a direct match between the two assessments, changes or
gain scores can be statistically analyzed. Analyzing students’ understandings
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demonstrated in laboratory reports and other artifacts such as dynamic computer models
are more difficult. First, because we need to define what understandings are being
assessed in the artifact. And second, if we want to show that learning has occurred, we
either need to repeat the assessment or we need to devise a tool by which similar
understandings in different artifacts can be traced.

The modes of learning called for in the National Science Education Stardards
(NRC 1996) imply markedly different roles and tasks for students in terms of designing,
interpreting, explaining, and hypothesizing in science classrcom (Anderson & Helms,
2001). When tasks vary across students as they do when open-ended artifacts are
produced, the assessment of student understandings becomes problematic. Comparing
understanding demonstrated in laboratory reports and dynamic computer models is much
like “comparing apples and oranges.” Apples and oranges are both fruits (products,
artifacts) of plants. While they may share some superficial features (e.g. an
approximately spherical shape), meaningful comparisons require the applications of more
abstract standards, e.g., sugar content, moisture content, or the recommended daily
allowance of essential vitamins and minerals.

The students in this study encountered a similar problem. They studied a local
creek by conducting a variety of water quality tests, collecting benthic macro-
invertebrates and making a series of observations about the physical environment. In this
effort, they generated a lot of data, but the numbers and observations did not have
meaning bevond 2 description of the creek. The numbers alone did not tell the students
about the water quality. So, the students in this study used “standards of water quality

{(Mitchel! & Stapp, 1994)” in their determination of the health of the creek. These water
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quality standards allowed the students to make comparisons between specific parameters
measured in their creek and scientifically defined values. Students were also able to
make comparisons between the different kinds of assessments, e.g. chemical testing and
bioassays, to see if the different forms of assessment led to similar results. By using
standards, the students were able to make an assessment of the creek without having to
find a comparable creek or without studying values determined before and after an
intervention. This idea of comparing observations to defined standards may also be
useful for comparing understandings demonstrated in different types of student work.

Comparing observations to defined standards may also be useful for examining
understandings demonstrated in laboratory reports and dynamic computer models.
Comparing understandings demonstrated in Iaboratory reports and dynamic computer
models requires the application of standards, in this study, the National Science
Education Standards (NRC, 1996). The Standards claim to be criteria by which to judge
quality: the quality of what students know and are able to do and criteria to judge
progress toward a national vision of learning and teaching science (NRC, 1996, Ch 5).
The usefulness of this tool for describing student achievement across multiple tasks and
contexts depends on how well it meets the measurement criteria of validity, reliability,
sensitivity and the impact of the assessment on instruction and classroom practices (See
Champagne & Newell, 1992; Haney & Madaus, 1989; Kulm & Malcolm, 1991;
Malcolm, 1991; Wiggins, 1993)

The methods and technigues of measuring learning that we know today represent
the products of earlier eras. Over the last two centuries the predominant methods of

assessing student achievement - from the oral mode, the written essay, the short answer
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form, the multiple choice format, the machine-scorable answer sheet, and finally to
computer-adaptive testing - have all been geared toward increasing efficiency and
making the assessment systems more manageable, standardized, easy to administer,
objective, reliable, comparable, and inexpensive (Madaus, 1994). However, innovative
procedures and situations believed to assess high levels of competence and reasoning
abilities, such as artifact assessment, have been infroduced and are advocated by
educational researchers and reformers as being more authentic methods of assessment
(e.g. Papert, 1991; Perkins, 1992; Wiggins, 1989b; Wiggins, 1993). Critics claim that
such alternative assessments have too little correspondence to national and state norms
that they can be too subjective and are too inconsistent. Thus, much of the work using
alternative assessments is experimental and not without controversy centering upon
unresoived issues regarding the assessment of student understandings.

The fundamental concepts of reliability and validity are the key established
psychometric criteria for judging the technical adequacy of measures. Psychometricians
have argued the issues of validity and reliability extensively, (e.g. see Linn, et al., 1991;
Messick, 1989, 1994; Burger & Burger, 1994). The Burgers (1994) believe that the
alternative assessments must be held to the same stringent standards of reliability and
validity as those achieved by standardized norm-referenced assessments. In an opposing
position, Moss (1994} argues that current conceptions of reliability and validity in
educational measurement constrain the kinds of assessment practices that are likely to
find favor, and these in turn constrain educational opportunities for teachers and students.

Linn, Baker and Dunbar (1991} claim that many issues concerning the evaluation

of the new forms of assessment being developed have not been sufficiently addressed.
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They argue that to develop technically sound quality assessments we must first address
certain criteria for evaluating such assessments and that these criteria need 1o be
expanded beyond those traditionally associated with validity and reliability to more
adequately reflect theoretical concepts. They propose a set of eight criteria that “serious
validation” of alternative assessments needs to include: intended and unintended
consequences of measurement use, fairness, transfer and generalizability, cognitive
complexity, content quality, content coverage, meaningfulness, and cost and efficiency.
In terms of evaluating the effectiveness of the National Science Education
Standards (NRC, 1996) as an assessment tool, I have chosen to focus on four of these
criteria: validity, reliability, sensitivity and impact on instruction. These criteria are

discussed in the next sections, starting with validity.

Validity

Validity has to do with the meaning of the measurement and the inferences that
can be made about the results of that measurement (Smith & Glass, 1987, p. 106).
Traditional notions of validity require that an instrument measure what it claims to
measure. A newer notion of validity is that a valid instroment measures that which is
valued (Champagne & Newell, 1992). With an agenda of “scientific literacy for all” and
for learners who can go beyond the information given to apply knowledge wisely,
fluently, and flexibly in interactions with novel experiences, it is important that we
develop and use assessment tools that can reveal whether or not we are achieving our
objectives. As the Standards become an accepted goal for science instruction, using the
Standards as an assessment tool meets the criteria of measuring what is valued.

Content validity addresses the question, “Does the measure adequately sample the
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range of subject matter or objectives that it is supposed to assess?” These criteria apply to
the artifacts or tasks chosen for assessment rather than the standards by which the
performance is assessed. A valid assessment system provides information about the
particular tasks on which students succeed or fail. Science assessments purporting o
measure scientific understanding must require students to apply scientific knowledge and
reasoning in real world contexts as well as in situations that approximate how scientists
do their work (NRC, 1996). According to the National Science Education Standards, the
content that we wish to assess extends beyond the ability to recall a large number of
scientific facts to learning science where students describe objects and events, ask
questions, acquire knowledge, construct explanations of natural phenomena, test those
explanations in many different ways, and communicate their ideas to others (Chap 2,
NRC, 1996).

Mapping the Standards onto the measures used to assess understanding (as was
done in step two of the analysis in this study) is one way to establish this type of content
validity. The mapping analysis showed that the four major artifacts provided
opportunities for students to demonstrate understandings on 23 conceptual standards
while the pre/post-instrument only assessed understandings on 17 standards (Table 4.2).
In this study, the four artifacts offered the potential for a more complete assessment of
understandings across the curriculum than the pre/post tests (51% vs. 38% of the
curriculum).

A large part of the content validity argument is based on the assumed relationship
between instruction and assessment (Miller & Legg, 1993). However, this relationship

needs to be established with empirical evidence, as in this study, rather than assumed.
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Judgments regarding the cognitive complexity of an assessment need to start with an
analysis of the task, student familiarity with the problems and ways in which students
attempt to solve these problems (Linn, et al., 1991). For example, having studenis
determine which brand of paper towels is most absorbent, one of the performance
assessments devised by Shavelson and Baxter (Shavelson & Baxter, 1992a; 1992b;
Shavelson, et al., 1992), may be an authentic assessment of a student’s ability to do
science. However, it could be an inauthentic measure if the student had been taught “the
method” for determining absorbency and then followed rote, ritualized procedure. We
might get a performance, but do the students exhibit real understanding? Hence, an
important aspect of assessing student scientific understandings is to document the
instruction that occurs, including the content or conceptual material, the epistemological
framework, the types of inquiry engaged in and the opportunities and experiences made
available to students for constructing their understanding (Miller & Legg, 1993). This
type of documentation occurred in the first part of my analysis when I mapped the
curriculum and classroom observations onto the Standards. When mapped onto the
Standards, the Traver Creek curriculum was found to address forty-five (45) conceptual
understanding standards at the high school level, half of the content explicated by the
Standards as being important for students to understand (Table 4.1 and Appendix B).
Relatively few of the proponents of alternative approaches {o assessment have
addressed the question of content validity when evaluating their measures. Simply
because the measures are derived from actual performance or relatively high-fidelity
simulations of performance, it is too often assumed that they are more valid than

multiple-choice tests (Linn, et al., 1991). Linn and his colleagues (1991) point out that
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we cannot assume that a hands-on scientific task encourages the demonstration of
problem solving skills, reasoning ability, or more sophisticated mental models of the
scientific phenomenon.

In the Traver Creek project, the four artifacts that were selected for analysis do
meet the criteria for content validity as established by classroom observations and tasi%
analysis. Each of these four artifacts was constructed over a number of classroom days
and often underwent cycles of revision. These were the assessments where questions and
tasks could be discussed, clarified, and even appropriately modified through discussion
with the teacher and/or the student’s peers. The expected outcomes of the four major
artifacts assessments map onto the standards addressed by the creek curriculum and
provided opportunities for students to demonstrate understandings on 23 of the 45
conceptual standards addressed by the curriculum

Another validity criterion is mode validity, a measure of whether the assessment
adequately samples the range of ways of expressing or demonstrating understanding.
Assessments limited to a single way of expressing or demonstrating understanding, e.g.,
logico-mathematical expressions, can be characterized as having low mode validity
{(White & Gunstone, 1992). Goldberg (1992) argues that while logico-mathematical
thinking is certainly an important aspect of teaching and learning and essential to
functioning in western society, there are many forms of expression that remain wholly
untapped in terms of assessing students’ understandings. Similarly, Gardner’s theory of
Multiple Intelligences (Gardner, 1983) demands a wider horizon if we are to honor
learners' varied abilities. This would include finding ways to make music, the visual arts,

dance and sports, interpersonal skills, and skills of self-reflection more substantive and
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salient in classrooms, curricula and authentic assessment strategies. Increasing mode
validity by allowing different forms of representation is useful because certain ideas lend
themselves better to different modes, and because students may, more easily and readily,
demonstrate what they know in different ways. For example, the student who is unable
to explain a concept such as the water cycle may be able to draw and label a picture to
show that significant understanding exists. Conversely, a student who can describe a
process, such as separating a mixture, may not be able to actually carry out the process
during a performance assessment {Schneider, et al. 2002).

One strength of alternative assessments, such as using artifacts, is the diversity of
the methods used to assess students’ understandings. The balance between words and
diagram representations shifts between the techniques of multiple choice and essay tests
to concept mapping, modeling and drawings. Different methods also vary in the degree
to which they limit students’ responses (White & Gunstone, 1992): multiple-choice tests
are an extreme form of limitation with only one pre-selected correct response. This
constraint was made very evident in this study when attempting to classify student
understandings demonsirated on the pre/post-test instrument on a four-point (0-3) scale.
In the end, the multiple-choice items were classified as Level 3(proficient) if correct or
Level 0 if incorrect. Short answer questions were a little more open, essays even more so
and each present their own unique challenges to assessing students’ understanding.
Closed and open, logico-mathematical and creative assessments are all valuable, and we
need to appreciate the diversity of methods and the different aspects of understanding that
they tap (White & Gunstone, 1992).

Artifacts actually lend themselves to the use of multiple modes of expression. For
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instance, authoring with images and sounds, as well as with words, opens new
opportunities for learners in their "writing" (Daiunte, 1992). Recent developments in
technology make it possible to integrate images, sounds, and text in multimedia computer
environments that also provide tools for transforming these various symbol systems. The
artifacts that students created in this study include the more traditional text based school
artifacts such as essays and reports. But the reports, generated on the school’s laptop
computers, also allowed for integration of charts and drawings. The computer models,
generated with Model-It 3.0b (Jackson, Stratford, Krajcik & Soloway, 1996a, 1996b)
allowed even more integration of graphics and text. Students had the options of using
graphics from a library of images of the creek and its organisms or to generate their own
graphics in the drawing and paint programs on their computers. Being able to "read” and
"write" with several media in an integrated workspace can help learners ground their
literacy and learning in familiar contexts (Daiute, 1992). Hypermedia artifacts appear to
facilitate the construction and integration of multiple representations of the understanding
of science concepts (Spitulnik, 1995; Spitulnik, et al., 1996).

In addressing the criterion of assessment validity, the combinations of artifact
assessment and the Standards meet the requirements: assessment of the valued, content
validity and mode validity. The criterion of assessment reliability is addressed in the next

section.

Reliability

Reliability is the consistency of the judgment that follows from the use of a
measure. In a traditional reliable instrument, similar instruments administered to the
same child over time will resulf in approximately the same score, the instrument has a2
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high internal consistency, and all scorers of the instrument produce the same score.
However, this standard of assessment reliability can be in conflict with other valued
outcomes of educational assessment.

Some of the reliability issues in assessment are related to the perceived purpose of
assessment. In the traditional use of reliability, an assessment instrument is simply a tool,
like a thermometer, which can be used to obtain some measurement value but with
negligible impact on the phenomena being measured, in which case, we would expect
high reliability. In the world of science education described by the Standards (NRC,
1996), there are multiple purposes to assessment, including causing students to think, to
make new links, to ask questions, and to build understandings. In traditional reliable
assessment practices, similar assessments administered to the same child over time will
result in about the same score. But if thinking processes are valued and understanding is
conceived as a dynamic process, a learning child should think differently on the second
assessment (Champagne & Newell, 1992). Such an assessment would seem unreliable by
traditional definitions but the outcome is one that is valued by our defined target of the
Standards.

According to Perkins (1992), an assessment should be as much a learning
experience as a festing experience. Assessments should stretch the learner even as they
create an occasion for a learner to display mastery and understanding. Inherently, they
test for, and therefore press for, transfer and understanding (Perkins, 1992).
Consequently, we would neither expect, nor value, high reliability as traditionally defined
when evaluating assessments of scientific understanding.

A second reliability issue has to do with interpal reliability. Internal reliability is
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whether or not performance on different portions of an assessment leads to the same
conclusion. This is an issue if we try to apply internal reliability when counsidering
portfolios of artifacts or student artifacts that may have multiple representations, or
themselves multiply represent student understandings. This issue was confronted in the
present study where several instances of student understandings mapped onto the same
standards. Often, the student explanations were coded as demonstrating different levels
of understanding on the same content standard. A resolution was sought by taking the
median value of understanding (ordinal scale) when multiple instances were found in one
measurement. Moss (1994) argues that hermeneutic approaches o assessment can allow
students substantial latitude in selecting the products by which they will be represented -
a latitude that need not be constrained by concerns about quantitative measures of
consistency across tasks.

Wiley and Haertel (1996) offer another means of addressing task reliability

ithout the constraining assumption of homogeneity of tasks. Aspartofa

comprehensive assessment development process, they suggest carefully analyzing
assessment tasks to describe the capabilities required for performance, scoring tasks
separately for the relevant capabilities, and examining reliability within capability across
tasks to which the capability applies. While this approach supports the use of complex
and authentic tasks that may naturally vary in terms of the capabilities elicited, it still
requires detailed specification of measurement intents, performance records, and scoring
criteria. It is this approach that was adapted in the present study, where the assessments
(artifacts) employed were analyzed and mapped onto the National Science Education

Standards.

198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A third reliability issue has to do with reliability in scoring, also known as reader
or rater reliability. Inter-rater reliability is a historical issue. Standardized testing
evolved and proliferated because school transcripts became unreliable (Wiggins, 198%a).
An “A” in a subject meant only that some adult thought the student’s work was excellent.
However, without being tied to a defined target or standard, there is no possible way to
determine what that “A” means in terms of knowledge and understanding.

In contrast to multiple-choice questions, which are easily scored, alternative
assessments, such as evaluating artifacts, include subjective decisions in which rater
reliability becomes an important issue. Raters who judge student performance must
agree regarding what scores would be assigned to students’ work within the limits of
what experts call “measurement error.” Do raters agree on how an assessment would be
scored? Do they assign the same or nearly similar scores to a particular student’s work?
if the answer is no, then students scores are a measure of who does the scoring rather than
the quality of the work (Herman & Winters, 1994). Inter-rater reliability can be
improved by careful definition of the relevant information and the use of rubrics. In this
study, inter-rater reliability had to be addressed by carefully defining how understandings
may be represented in the different artifacts and by providing examples from student
work of the different levels of understandings. By taking these steps, respectable levels
of inter-rater reliability were achieved (0.837 <1< 0.958 or 70 <12 < .92).

Different forms of assessment vary in the ease with which they can be made
reliable. Relational diagrams may have good reader reliability, but concept maps and
interviews have greater subjectivify in their interpretation (White & Gunstone, 1992).

Lower internal consistency or reader reliability of some methods does not make them less
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valuable for probing student understandings. Instead, we should try to make each method
as reliable as possible, by ensuring, for instance, that students are familiar with the form
of the assessment and that raters are using standard procedures.

For the criteria of reliability then, the method of artifact assessments and the
Standards used in this study rejects the traditional notion of reliability defined as
consistency in the measure over time. However, the method offered here does strive to
meet the criteria of internal or task reliability and scoring reliability through the careful
analysis of task structure and the mapping of the assessments onto the Standards. The

sensitivity criteria of this assessment method are addressed in the next section.

Sensitivity

Sensitivity of an assessment tool is an issue when there is 2 desire to track
changes in understanding over time. The more incremental the changes, the more
sensitive the tool need to be. As written, the Standards are 2 threshold with no
sensitivity. Either students are achieving at the level of the Standards or they are not. In
order to increase the sensitivity of the Standards, this study employed a four level coding
scale based on the prior work of educational researchers (Carey, Evans, Honda, Jay, &
Unger, 1989; Grosslight, Unger, Jay, & Smith, 1991; Songer & Linn, 1991; Stratford,
1996). However, in this four level scale with Level O representing no evidence, Level 1 a2
non-scientific understanding, Level 2 a partial understanding and Level 3 as proficient at
the standards, the intervals between levels on this ordinal scale are grossly unequal. On
any standard, a student might initially demonstrate a Level 2 or partial understanding. On
each succeeding measure, they might show increasing understandings, but never reach
the Proficient level. While they are learning and developing scientific understanding, the
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assessment tool of the Standards, even as adapted with a quality scale in this study, were
not sensitive enough to capture these changes.

Likewise, proficiency in the standards, Level 3, does not represent the highest
levels of understandings, such as those achieved by experts in a domain. In a project-
based classroom where students pursue different investigations and create different types
of artifacts, students may achieve understandings on individual Standards far beyond
those articulated in the document. Again, the form of Standards assessment used in this
study would not capture those higher levels of achievement.

An alternative scale would be to assess students according to the grade levels
differentiated in the standards document. Students’ demonsirations of understanding
could be characterized as below 4" grade, at 4" grade but not yet g" grade, at 8™ and not
yet 12" grade or at and above 12" grade (Level 3 or proficient). Such a scale may also
seem less abstract to parents and practioners when discussing student achievement {(e.g.
Sally shows a 12® grade understanding about the interaction of earth systems (D.3.3) but
only a 4" grade level about the properties of matter (B.2.1))

However, a grade-level scale brings into relief a second sensitivity issue, that of
specificity of content across the standards. As noted in Chapter 4, although the Traver
Creek curriculum was relatively balanced between earth science, biology, and chemistry,
this balance was not evident when looking at the number of standards addressed. When
mapped onto the Standards, the Traver Creek Curriculum appears heavily weighted
toward the Life Sciences (19 standards in Standard C) and Environmental Sciences (11
standards in Standard F). This is due in part to how well the content is delineated among

the different sub-standards in each section. For example, in the Life Sciences, standard
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C.4 addresses the interdependence of organisms and there are five objectives that
differentiate the kinds of interactions (Appendix B). All five sub-standards match content
addressed in the creek project. At the same time in Standard D on Earth and Space
Science, weather phenomena, which were addressed in the context of the impacts a
watershed due to flooding, drought, etc, is not part of the 124 grade standards, but of the
middle school standards (grades 5-8). Because this study looked at only achievement
along the high school standards, understandings about weather and how weather affected
the creek were mapped onto less specific standards of D.1.1 — Energy in earth systems,
D.2.1 - Geochemical cycles, D.3.3 — Interactions of earth systems, and B.2.5 — States of
Matter.

Similarly, there is content in the standards for grades 9-12, i.e. nuclear physics in
Standard B.1 that is not part of the standards for the lower grades. If a grade level scale
is adopted, for tracking understandings along the standards, there would probably be litile
difficulty rationalizing that an 8" grader has achieved a 12" grade understanding of
radioactive isotopes (Standard B.1.4). However, claiming that a high school senior has
only an g" grade understanding of weather (because standard D.3.2% for grades 5-8 is the
highest level at which weather is addressed in the Standards) may be problematic when
communicating student achievement to communities of teachers, parents, admissions
officers, and policy makers.

Clearly, tool sensitivity, in terms of scalar sensitivity and content specificity, is a

* D.3.2: Weather changes from day to day and over the seasons. Weather can be
described by measurable quantities, such as temperature, wind direction and speed, and
precipitation. (NRC, 1996,Chap 6, grades 5-8)
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weakness in the criterion for the usefulness of the Standard as an assessment tool. To
meet these criteria, the methods of using the Standard as an assessment tool need further
development, including an internal scale by which evaluators can judge the quality of
students’ understandings.

The fourth major class of criteria that assessment methods need to meet is the

impact of the assessment on instruction. This criterion is discussed in the next section.

Impact of the assessment on instruction and classroom practices

The final criterion of tool usefulness is its impact on instruction. The idea that
teachers teach toward the test has become part of the conventional wisdom of education,
but has its roots in research (see Kulm & Malcom, 1991; Wiggins, 1989b; Wiggins,
1993). The common pattern at the secondary level is for teachers to present the topic, test
student to assign grades on the achievement pertaining to the content, and continuing on
to the next topic (Treagust, Jacobowitz, Gallagher, & Parker, 2001). School assessments
usually ask the learner to identify the products (discourse, things, performances) of
others; for example, matching the benthic macro-invertebrates to their pollution tolerance
taxa groups (Archbald & Newmann, 1988). In classrooms where the activity of
answering recall questions plays a dominant role, this activity often becomes the basis for
students’ operational definitions of scientific understanding (Anderson & Roth, 1989},
Students, who say that they “understand” a concept or topic, often mean that they are
prepared to answer recall questions about it; in their experience, this is the sole or
primary function of scientific knowledge (Anderson & Roth, 1989). The Standards also

recognize this when they state:
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Assessment and learning are so closely related that if all the outcomes are

not assessed, teachers and students likely will redefine their expectations

Jor learning science only to the outcomes that are assessed. {NRC, 1996,

p.82).

The modes of learning called for in the Standards imply markedly different roles
and tasks for the students in terms of designing, interpreting, explaining, and
hypothesizing. More research is needed of what roles students can play in varied science
classroom contexts and the types of work they can produce (Anderson & Helms, 2001).
There is alsc an ongoing need for research about the intended and unintended effects of
assessments on the ways teachers and students spend their time and think about the goals
of education (Linn, et al., 1991). It cannot just be assumed that a more “authentic”
assessment will result in classroom activities that are more conducive to learning.

One of the limitations of the present study is that it examined student outcomes as
demonstrated in the artifacts they create. This study did not analysis the classroom
activities beyond the scope of mapping course content onto the Standards. However, the
data set upon which this study was based includes extensive field notes and video
observations on the classroom instruction. In further studies, this data can be examined
in more detail for the impacts of artifact assessments on the instruction in the classroom.

In evaluating the usefulness of the National Science Education Standards (NRC,
1996} as an assessment tool, [ have applied four criteria: validity, reliability, sensitivity
and impact on assessment. In addressing the criterion of assessment validity, the
combinations of artifact and the Standards meet the requirements of assessment of the

-valued, content validity and mode validity. For reliability, this method rejects the
traditional notion of reliability defined as consistency in the measure over time.

However, the method offered here doss strive to meet the criteria of internal or task
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reliability and scoring reliability through the careful analysis of task structure and the
mapping of the assessments onto the Standards. Scalar sensitivity and content specificity
are weaknesses in the usefulness of the Standards as an assessment tocl. To meet these
criteria, the Standards need further development, including an internal scale by which
evaluators can judge the quality of students’ understandings. The impact on instruction
of applying the Standards needs further study, some of which can make use of the data
gathered during the research described here.

Researchers and classroom teachers are not bound by traditional paper-and-pencil
tests as we attempt to identify and evaluate students’ scientific understandings. In fact,
only the type of learning that we want to measure limits the type of assessment that we
decide to use. Moreover, it is often appropriate to combine a variety of assessment

* methods when evaluating different aspects of student progress (Jones, 1994) in order to
achieve a more complete profile of student understandings. Using student artifacts as a
method of assessment allows us to evaluate students' structural and functional scientific

understandings.

inal Thoughts

In essence, the assessment process of measuring student understandings
recapitulates the scientific enterprise (Duschl & Gitomer, 1991). Assessment of student
understandings is 2 sense-making activity that is grounded in student work. Assessors
(learners, teachers, researchers, departments of education) make claims about student
learning that need to be supported by data and warrants that are recognized as valid
within a community. With the agenda of scientific literacy for all Americans and the
desire to create a citizenry that has the ability to go beyond the information given and to
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exercise knowledge wisely, fluently, and flexibly in interactions with novel experiences,
it is important that we develop and use assessment tools that can reveal whether or not we
are achieving our objectives.

Traditional science assessments tend to measure discrete isolated bits of
knowledge, rather than rich and well-structured understandings called for by the current
reform movements. Instead of checking whether students have memorized certain items
of information, assessment needs to probe for students' understanding, reasoning, and
utilization of knowledge (NRC, 1996). Having students construct representations of their
understandings by creating cognitive artifacts is one way of doing this.

Krajcik and colleagues {1998) and Keys & Bryan (2001) have pointed out that
much of the research on inquiry has been done in rich demonstration sites or in classes
taught by the researchers with a focus at the elementary and middle school levels, thereby
limiting our understanding of how inquiry teaching and learning look in an ordinary
classroom taught by teachers. This study examined student learning in a public high
school in a curriculum designed by the teachers in collaboration with university
researchers. Furthermore, this innovative program had been in place for several years.
Consequently, this study adds much needed data to our understanding of science learning
and assessment in the high school classroom.

In this study, the National Science Education Standards (1996) were applied as an
assessment standard to characterize high school scientific understandings developed
during a creek project. While using this tool shows promise for capturing demonstrations
of understanding across multiple representations and time, the tool needs further

refinement to increase its sensitivity to changes in understanding. However, using the
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Standards as an assessment tool can help increase awareness of the standards and what is

valued in terms of scientific literacy in the 217 century.
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APPENDIX A

PARENTAL/STUDENT CONSENT LETTER

August, 1996

Dear Parent/Guardian,

Your child's science teachers, Liz Stern, Kathe Hetter, Madeline Hueble-Drake and Mike
Mouradian, at Community High School, are invoived in an collaborative effort with faculty
members and researchers from the University of Michigan and the National Science
Foundation to explore the use of technology to foster sustained inquiry in the science
classroom. The aim of this effort is 1o develop experience using innovative materials and
methods to help students and teachers realize the goals of investigative science. Your
child will experience state-of-the-art teaching materials and methods, including the use
of computer modeling and visualization tools and access to world wide web resources in
their science classroom.

All ninth-eleventh grade students will participate in the Foundations of Science (FOS)
sequence of science classes. In addition to the instruction we will be taking a closer
look at how the students are learning science in this environment. We will be working in
your child’s science classroom and would like to include your child in our study. Qur
research methods will include making video and audio recordings of classroom and
student activities. We will ask the students in the class who have permission to
participate in the study to complete questionnaires. We would also like to video and
audio tape specific groups of students as they are engaged in science activities. Some
student volunteers will be asked to participate as focus students in the study and will be
asked to complete short interviews about their activities in the class. In addition, we will
be keeping copies or other records of the work the students do in their science
classroom.

We ask your permission to allow your child to be involved in this research for the 1996-
97 school year. We would like 1o stress that our research procedures are similar to what
normally would happen in these science classrooms. In fact, your child should leamn
much from the experience and their participation will help us to improve science
instruction. You may aiso withdraw you child from the study at any time by informing
one of the researchers or your child’s science teacher. Stufﬁeﬂts who d() m‘& have
permission to participate in the research will receive the pom instruction

the other students. We will éz:eep stasd%vts names and adeﬁtstaes ﬁam‘edew:ea% at a%% %:gme&

Please call us if you have any guestions or concerns about this science learning
experience or the research project. We can be reached at the University of Michigan at
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555-4227 (Valerie) or 555-0597 {Joe ), or vou may reach us through the science
teachers at Community High School, 555-2021. [in the evenings you can reach Valerie
at 555-1996 and Nathan at 555-0417.] I you have other concerns about the research,
you may contact Dr. Brian Rowan, Associate Dean of Research, UM-School of Education,
at 555-9470.

Thank you very much for your cooperation.

Sincerely,

Joe Krajcik Elliot Soloway Valerie Talsma Nathan Bos
Associate Professor  Professor Research Associate  Ressarch Associate
555-0587 555-1562 555-4227 555-0417

[HSR. Enhancing the Teaching of Science Projects, 11/94] -
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Permission Forme
For the Parent/Guardian

 understand that researchers from the University of Michigan are conducting a study of
student experiences in technology and sustained inguiry in science at Community High
School. My child has been asked to participate in this study as a member of a
Foundations of Science class.

{ understand that participation in the study may involve video and audio taping in the
classroom, student questionnaires, short interviews, and records of student work.

| understand that this participation is entirely voluntary and that | may withdraw my child
from the study at any time.

| further understand that no gquestions or procedures are involved which represent a
threat to my child. The child’s name will not be used in any subsequent report and their
identity will be disguised by the study’s authors.

Under the above conditions | give my permission for my child to participate in this study.
My child also has / does not have (e one) permission to participate as a “focus student.”

Parent’s/Guardian's name (please pinty Signature, Parent/Guardian Date

FOR THE STUDENT

Under the above conditions, | agree to participate in the study of student experiences in
sustained inquiry in FOS at Community High School. 1 am / am not (croe one) willing 1o
participate as a “focus student.”

Student's name {please print) Student's signature Date

Eray s r e r i st ot r sy

{ do NOT give my permission for my child to take part in this research oroject on
sustained inquiry in FOS. My child will participate in the class as a student only.

[ ———

Parent’e/Guardian’s name {please prinh) Signaturs, Perent/Guardian Date
Please return 2 signed copy of this form to:

Liz Stern, Kathe Hetter, Madeline Hueble-Drake or Mike Mouradian, Science Department,
Community High School, 407 N. Division, Ann Arbor, 48104.
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X C

ESSAY ASSIGNME

Observation Essay Instructions - This text was included in a handout given to

students on September 6, 1996.

Essay #1 Scientific
Written from Traver Creek note-taking observations.

Write an essay that includes 6-7 paragraphs and approximately 300-
500 words. This is a descriptive essay about your observations from
your trip to Traver Creek. The six to seven paragraphs should be
organized as follows:

introduction (1 paragraph): Where is Traver Creek and what was your
purpose in going there. A thesis sentence that makes a judgment about
the creek and the surrounding area. The last sentence should be, “We
are supposed to observe three major areas of the creek.”

Development (3-6 paragraphs): Expand on the three major areas from
your note-taking. Write 1-2 paragraphs per area. Make sure that you
provide details that support your thesis for each section.

Conclusion (1 paragraph): Summarize your general impressions, give a
personal reaction to the area, speculate what’s next.
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u o

(Reverse side) Criteria for Grading of Essay #1 Scientific:

1. Focus and Organization

a. [s there a thesis and purpose?

b. Is there an introduction and conclusion?

¢. Does the essay move energetically with examples and details taken
from the note-taking?

2. Content

a. Does the essay respond directly to the issue posed?

b. Do each of the sections in the body (panorama, the river, and the
banks) of the essay convey a well-developed image to the reader?

¢. Does the writer communicate important scientific observation details
and information?

3. Sentence Mechanics/Language

Are there mechanical, punctuation errors?
Are there grammatical or sentence errors
Is language used with fluency and variety

Is meaning clear and concise?

Is writing legible?

Foundations of Science 1996

XX
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APPENDIX D

1986-87
TITLE

The e to the report should ba concise, bul ol ihe ¢
gnough Information so that the reader knows what you fravesl
e abie 1o look at the thle and decide if the toplc is one !at is |
exarmple of a Selff-gxplanatory titls i :

% ghould cordain
The reader musl
wvapet 1o e, An

instead of a Hile that gives too little information;

INTRODUCTION (About 2 paragraphs)

The introduction should provide a context for the topic under study. The
introduction provides the background necessary ©© undarstand the reat of the repor.
in addition the introduction should provide & concise ¢ £ ¢ v That is,
1ell precisely what guestions you am frying 0 ANEWer.

Suggeetions for what you should have I the intrgtuction:

. What question were you iying 10 angwer abow Traver Croek?
A desciipfion of what benthic organisms are and why they ave used 43
indicators of haalth for'the

A description of physical foroes that influsnce The benthis communty,

&

MATERIALS AND METHODS (About 2 paragraphs)
This saction should provide snough information about how you galhered the
data 1o aliow the reader fo judge whether you Tollowed proper po cures. This will

help e e & idde i your conclusions based on your dats are hatified,

Suggestions for what 1o Inalude:

 Describe whare (give the section § sl what habitats you sampled)

and how you coliented your banthics

L pascribe all the different physical assessments ncluding:

shysical assessment data ahgel, soorgcard, ren gng gyrnbol mag.

«fay that the physical assessment dals 8 and snorenand ware
adanted from the Huron Fiver Watershed Coungil, List some of the
things you were suppoeed to cbsenve for the physical assesment data
shagt.
Dssoribe in detal how you did your ransects,
DNeseribe how you calculated dischargs.
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RESULTE

Fesults should ! ; ,
conglugions. In this section inslude all your tab!
separate sheet that explaing tables and graphs.

lon to draw
L Fend will be gven e

Suggastions for what to Insluda:
o Banthic spreadshaet.
. be char showing the relative abundence of bantdos I each e group,
o Bymbol map and some way to show where such of them was found.
. Comour map showing creek boliom,

Pl vt the most important detalls for your section from your physical dala ¢
and raport them in the results.

. Fepor your suore from the physical assessment scoree

]

DISCUBSION
Thae dacussion talks

about your dala.

i I angd what surrounds

dion of the ore

te description of where you

B
o Deseribe where are the b
landg it Bows through.

sl of Traver

and runs. Reley 10 your mags
hios. Emphasize

i
poBs
e Fimder 0 your 800

re an Your sto

h henthic that you found describe s
eats) and what taxa group 1 belongs to. lnclude plet of the
___Firish the discussion by relating the benthies you found 1oy
physics! sssassment. Describe why I make sense for %) for you to have found
the benthics thal you did. {Refer to your ple cherl of iaxa group abundancs).

CONCLUSION and FUTURE STUDIES {1 paragraph onlyl

tnchude:

____ Restate your problem siatement. The qu
__ Swate the major findings and conclusit
__hat furthur investigations could you do fo get morg imdormation
problem statement.

fion your were nvastigating,

y ghout your

& Foundations of Science
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Text from class handout given to FOS-I students in Novemeber 1996. (emphasis

in the original handout).

Build a model that shows some of the physical factors of a section of Traver Creek
and how they affect the benthic macroinveriebrates.

1. What physical factors of the creek did you measure or observe? (list
them)

on, {Circle them.) For each factor that you

Chg@se tmnk abom se 1aclors 10 10

a) What affects that factor? (What value did it have for your section? Why did
it have that value? What could have made it a different value?)

b.) How does that factor affect the benthics?

c) How does it all fit together? (Are there other relationships between the
factors you've chosen?

Once you have some ideas, you're ready to start building a model. On the server, in
the FOST folder, there are files with pictures of different sections of the stream, and
@% dsﬁerem Eﬁnc@s 0‘? beﬂ%:hics 'fa y@u {0 use in your mcdeﬁ Make sure you drag the

yre fi ! on of vour nowernook ’ pening them, so you don t

‘ise up the servef

Your model must convincingly demonstrate your understanding of the physical factors
you've m@sen to model and how they relate to the benthics. Make sure that you fill

scribe each object and factor, explain each relationship, test your model
as yﬁu ga along, and s it at the end.

Models are due at the end of class on Friday, November 8th.
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Coding Sheet for Models

Strategic and Epistemological Under

Plan: Gosal:
ALY/ELL - Problem Definition: 88U

3. defines a reasonable, well focused problem area to be addressed within
constraints, identifies essential elements of the problem

makes a prediction, stating possible outcomes,

2. defines , through revision, a reasonable problem area to be addressed within
constraints

L. has difficulty defining a reasonable problem area given constraints, problem may
be too broad

Q. non-existent, no evidence does not define a problem

dings in Plans and Evaluation

A.2.2 Describes purpose for model : EU

3. model is constructed in the service of developing and testing ideas

2. specific, explicit purpose for model but focus on reality, not ideas

1. Models are simple copies of reality or identifies no purpose beyond class
expectations

0. non-existent, no evidence does not fill in goal statement

Plan: Objects & Factors
A1.2/E.1.2 Planning model SU

3. designs and implements a method to address problem, including gathering
resources, synthesizing information, organizing and presenting findings..

Model plan identifies major objects and factors (66-100% are IDed in plan).

2. designs a method to address problem, may have trouble getting started

(33-66% objects and factors IDed in plan)

1. had difficuity designing a method to address problem, problem may be too broad
{(fewer than 1/3 (33%) of objects and factors IDed in plan).

0. non-existent, no evidence, does nof attempt to address problem

A.2.5 Explains rationales for plan: EU

3. evaluating which of several designs could be used to serve the model's purpose.
uses empirical evidence to justify or evaluate the inclusion of objects/factors
2. evaluating which of several designs could be used to serve the modsl's purpose
OR
provides rationale for including specific objects/factors
1. provides non-scientific rational
0. non-existent, no evidence,
223
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Implementation
E.1L3. - Implement a proposed solutio

uilding the model SU

3. constructs a model with explanatory power, elegance and parsimony

2. constructs a model with some detail and explanatory power; OR includes too
much detail so that explanatory power is lost.

1. constructs a simple model with little detail and little to no explanations

0. non-exisient, no evidence,

Evaluation: How Well Does the Medel Work
E.1.4 Evaluates the Model and its behavior: SU

3. Evaluates the model against the stated goals/purpose, provides evidence of how
well (or not) the model worked. new criteria not originally considered may be reviewed.
2. Evaluated model against purpose . No evidence, (“it show what [ wanted.”

1. Naive - “It’s great, fine, etc.”

0. non-existent, no evidence,

G.2.2 - Nature of knowledge in the models: EU

3. Models can be manipulated and subjecied to tests in the service of informing
ideas

tests and revises model to better account for evidence or new explanations

2. Tests of the model are tests of the workability of the model, not tests of
underlying ideas

tests and revises model to produce desired outcome

1. Tests model but does not revise model

0. non-existent, no evidence of testing model

**¥*Need 1o lock at Log Sheets for this information!!!#**

Evaluation: t would you ge:
G.2.3 Tentative nature of knowledge EU

3. science as human construct, used to build explanations of phenomena

theories and models can be revised (tentative nature of science)

“Use better information”

2. describes science as a human process used to build explanations of phenomena
some ideas in science are subject to change.

{“add more factors™)

1. Science as truth, a static body of knowledge
“change nothing”
0. non-existent, no evidence

Content Understanding in Factors (CU’s)
Accuracy of description:

3. Accurate - student description/definition of the factor consistent with prevailing
scientific thought,
2. Semi-accorate- student description mixes scientific reasoning with alternative

reasoning; or student provides an example instead of a description.
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1. nonscientific - student description uses non-scientific description ; or student
reiterates the factor, or student used default explanations for population factor

0. ao evidence of understanding - student did not provide a coherent description , or
student did not fill in dialogue box.

Accuracy of Ranges:

3. domain-accuratefrealistic-guantitative--given the factor’s scientific domain, are ifs
maximum and mirimum values accurate? (e.g., pH has a range from 1-14); or the factor
created with some other quantitative range (not default) that seems plausibly realistic
(e.g., depth =0-50cm) a

2. arbitrary-realistic-qualitative-was the factor created with some qualitative range (not
default) that seems plausibly realistic (e.g., substrate rocky to sandy)

1. arbitrary-default--the factor was created using Model-It’s default range of low to high
or zero to one hundred?

0. arbitrary-no criteria--was the factor created with a range that seems unrealistic or
totally random (e.g., discharge with a range of -10 to 25)?

Centent Understanding in Relationships
Relationship Accuracy Categories

7. in agreement with generally accepted scientific knowledge (Level 3 CU)
or Not in agreement: (expanded subcategories)

6. incorrect default: students used the default 1:1 linear relationship.

S. incorrect —one factor does affect another, but the relationship the students created
is wrong {wrong shaped graph)

4. wrong orientation —as one factor changes, another factor changes, but it changes

in the opposite direction

codes 4-6 =Level 2CU

3. backwards ~the factors are causally related but the sense of the relationship
should have been reversed; (dependent/independent reversed)

2. not causal-factors in the relationship are not sirictly causally related, but they
may be correlated.

1. nonexistent —there is no scientific relationship between the two factors; - or
relationship is redundant of another relationship

codes 1-3 =Level 1 CU

Content in relationship Explanations
Explanation Accuracy

The “because” “How” or “why” of the relationship.

3. Accurate - student explanation consistent with prevailing scientific thought or
reasoning, no naive conceptions .

2. Semi-accurate- student explanation mixes scientific explanations with alternative
explanations.

i. nonscientific - student explanation uses nos-scientific reasoning, or reiterates
relationship or uses defaults on population factors
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G no evidence of understanding - student did not provide a coherent explanation, or
did not fill out response box

Explanation Elaboration

3 Rich/elaborate: explanation integrates and applies knowledge presented in class,
contains detail and elaborates on the relationship, may includes examples (original or
from curriculum)

2. Moderate or Partially complete: explanation lacks detail and elaboration, may be
missing minor constructs/relationships. may includes examples ( from curriculum)

1. Poor/shaliow, incomplete: explanation expressed in generalities, may be missing
several major constructs/relationships and minor constructs/relationships.

a. Nonsensical, or no evidence (e.g. student only reiterates relationship.) or no
response

Overall Caleulations Take Median Value

Overall Accuracy in Factors:

definitions
3. Accurate - At least 50% of the factors were coded as “3” in the individual coding,
and none were coded as Q or 1.
2. Semi-accurate - At least 50% of the factors were coded as “3” or “2” in the
individual coding.
1. nonscientific understanding - at least 50% of the factors coded as 3 or 2 (or 4}
0. lack of understanding - 50% or more of the individual descriptions received a

rating of “1” or “0”.

4. Scientifically accurate - 50% or more of the factors received category 4.

3. arbitrary quantitative - 50% or more of the factors received category 3 or categories 4
and 3.

2. arbitrary qualitative - 50% or more of the factors were coded as category 2.

1. Default - 50% or more of the factors had the default range of values.

0. arbitrary- no criteria - S0% or more of the factors were coded as category 0.

del’s overall accuracy in relationships:

4. Scientifically accurate - 50% or more of the relationships received category 7. None
wergcoded as 1,2,3, 4,

3. Semi-accurate - 50% or more of the relationships classified as categories 5 andfor 6,7
2. Inaccurate-wrong - 50% or more of the relationships classified as categories 4 and/or
3,

1. Agbitrary - 30% or more of the relationships classified as categories 3, Z and/or 1.
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Overall explanations:

Explanation Accuracy:
4, Accurate - At least 50% of the explanations were coded as “4” in the individual
coding.
3. Semi-accurate - At least 50% of the explanations were coded as “4” or “3” in the
individual coding.
2. nonscientific understanding - at least S0% of the explanations coded as 3 or 2 (or
4)
1. lack of demonstrated understanding - 50% or more of the individual explanations

received a rating of “1” or “0”

Explanation Overall Elaboration:
Rich/Elaborate - at least 50% of the explanations were coded as “4”, none as | or
Moderate - at least 50% of the explanations were coded as 3 or 4.

Shallow - at least 50% of the explanations were coded 2 or higher.
Nonsensical 50% of the explanations were coded 1 and/or O

P WO s
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APPENDIXF

MODEL 2 ASSIGNR

FOS1 January Model-it Assignment

For your final Traver Creek project, you will build a model that
demonstrates in-depth understanding of a stream ecosystem.

Design you own project: Build a model that represents some aspect
of a stream ecosystem. You may use data you have collected about the
stream, and other resources such as manuals, textbooks, teachers, and
mentors to help you set up the relationships.

Your model should include physical, chemical, and biclogical
factors of the stream.

Choose one area to focus on, and build the best representation you can
that demonstrates how it works in depth.

Talk it over with your partner, and brainstorm ideas. Use the back of
this sheet to sketch your ideas if you want. We will also brainstorm
ideas in class.

Final models are due at the beginning of class on Friday, January
17th.

You must turn in a printout of the model and its factor map.

On the 17th, we will have a round-robin where you will look at and
evaluate other student’s models.

You will be graded on:

1. Well chosen project that meets the criteria: includes
relationships between physical, chemical, and biological factors
2. Scientifically accurate / correct
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3. Well-structured/ designed, complex, shows in-depth

understanding.

4. Works when you run it.
5. At least one independent factor affects other factors so model

can be manipulated.

. Objects / factors make sense.
2. Object, factor descriptions are stand-alone and inform about

what they are and measure.
3. Relationships are explained (not just restated).
4. Plan filled in specifically.
5. Evaluation filled in thoughtfully.

Text from classroom handout given to students on January 8, 1997
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APPENDIX G

PRE/POST TEST FORM A

Swdent’s Name:

Period: Block 1-8:00 - 9:20 % (K sthe)
Rlock 3-9:40 - 11:10 MW (Liz)
Block 5- 12:00 - 1:30 MW [Kathe)

Block 7 - 1:40 - 3:10 MW (Liz)

: Conefully follow Ge dlections for each 2ot of guestives. Wow bstresiors

il use thi post-test o el sssess what you hove learned show O stmem

srojed, wiergually, chemitry, 2eology, 338 hotwsymthesis this semester.

Your responses willales be waad in the sody showt whad students fearn when

angaged menendad profecy Ite the study of Trnver Ureel. Do yow vary dent

%{i zgs?wr s of the questions w2k the RiPudes ond knowledge wou howe ioday.
3t
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i. List thrve riversferseles within 50 miles of vow sebool.
&
.

2. I what walershed is vowr school bested?

3. Have povevey vislted Traver Crmele?

4. What are some linds of setivities vou Hke 1o 4o I3 or srownd & viver or creelt?
3.
1= 1dontagree ol 80l J = [ogvee wrymweh. . Xonot swelont kaow
Water polbRtion 5 208 & problem Becavse @eeph dony Avink riwer 1234
’Pa%?‘ wﬁk&r ilwr-’ R — o = “ [P . - -
From anenvionmenial stazdpoing, bow 11w my 1ife dossn’t maltey t 284
] H%em S mo mu::k wcesww wm aﬁw&: @ommn o 12 3
‘12 & 4

The undry detergent that clesns my shin will bely cloan the water in
the viver,

 Asyouge &.sswnl:}vz nven’«:iwk m \meﬂshmlgr aa ﬁwme ﬂmmr 1

B woull e amdasisshy 10 be the ondy onk I mY sehool who pieied

2.5 4
o we o for ow bwns bas an impact oa Qe riverkmek, 1 2 3 4
Trying o clesn wpthe riverkrask justseems toomwhofapain. 1 % 3 4
%
T dox't think I shoul hawe mcham%he%ﬂhve €20 one elsa is 12 84
willing to. o e
B's bl o find enmpls where citizen setion hss veally made a 12 34
 differenee inthe eavironment, B o
T wts z@ma‘.emf“‘fia“shéc ¥ balp ﬁs“ ag;‘;ae;iwr&;gg?i_ i 3 4
Baskiime we find 2 solution to on envionmennl problam, & seems o 1234
. camse MW ORS, T
o
_ Dlivilwl effofs to save waler may seem small b i}s,w 244 wp. i 3 z - 4
12 2% 4

[LRRT

o
M %

A mim
Moo

LRI

M

R

b4
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.. Golf sowses 2 contribuie to water pollution. i,z 245 %
2

I boor trovdle fnding information that world inform me sbowt : 843X
. eeviemmemtalisswes. R
. A . . . , 12 3 45 X
Trying W lve in balsnee with notwrs ioa} posshle — we've Bend &
Lokeemwek
&, Repk e follovwing envirpnmental problems from ons to five. Fuha one mat 10
the dewm thal you think is the most presting prodlew facing Amevicans tolay, and s two
23 & the sesond most pressing emvironmenianl iSove, and <o fovth, untd yougel © fiwe.
vesay potiutinn
oy pollation
. blivormdon
pestizides snd chembals imow ool
. tosde chamiesds v ow exvironmank (PCB's, diovds, Bed inths soil sl )

7. List fiwe {3) things you could personslly do 1o reduse vow contribwion to waler
polivtion,

2.

2. Inie what bodwof water does Teaver Creek empty?

8. Tou see someont polk
person?

ing the viverforucl, o whom woull you mport B
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5.

1L

iz.

ig.

24,

How would you i the guality of Traver Creelt Water?
2. swil

prelly Abty

aliright

preiey clenn

it

wm@‘% Dissolved Oxygen (DO) mtwation kvel would be the Dest For Uhe oreek?
T wBREF

b GO%

2. 90%

&. 120%

2. Don't kaow

Ll b

Whichtype of subsvate would vou expect bo find fna r¥le wes in 2 stream?
fine $iks

send

gravel

i a4

Feenleoliform is: [Cheek [+] slithet spply)
& chemipsl fom indwtrythe? polbtes walarvays.

saother same for unlreated sewage.

wsually s 2on-point sowes polluiant inthe ereek.

2 Jogterds ther Bves in the gvis of mammals.

a benthic mocvo-invertebrate that decomposes organis polludon.

a2 IRprovemen

7 | RARY &5 spproprisie § Them choose DRE oft
zm you ehgckeﬁ mﬁ @Xg}sm 2 vou think that woull indisle an improvement
i weaker guality.

A5 isersase fnthe number of feesl coliforms.

Arke in the smoun of ol solids

B sk In tUhe Waley Quality Index from 53 10 71,

Finding s Jot of different Uinds of Tnswet Bovae & the waler.

{¥hy?)
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5. Wiatwould hepyenll ema Sosphsies entey Lhe sreek? Daseribe s posess in
serms of photosynibesis, rolider resairstion Disolved owems [DOYwl
Bhelemiesl Onwren Domand (BOD]. Include any relvant chemisl cquatinns
inyowr snswer,

S

sember of
slegirons

1

Cadinm

5. Eoswdle echof 1k ivwisg aflest the water quaily of Travw Creckifieron
! {makes i wors, maltes i hs&er doesn’r affect &) 2 TGO Dt pou
thisk might chaage 224 Eeseribe what Msxeé factors oF paramehrs zmg&n siso e
zﬁecteé or mvolved in the change?

Fertilz ing vowr bowa.

) Water runolf dwing & heavy storm.

Installing & combined siorm and sonBary sewer sysiem.
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Charbg the vees 1ol bushes frow the banks of the gream.

Expandig o porking 1ot 2 & shopphy mall.

18. A schiiomin a dish contoins 3 grms of salt dissolved in 100 gmams of waler. ¥
50 grams avaporsies om Be solution, Row mveh 5ok remadns inthe ich?
s DOgmms
b i0gnns
¢, L5gmams
4. 38gums

: Coelo the BERT surwnr.

18, Juan thisks thal vaster will evaporsie faster B & worm place thae & 2 cool one.

e das two Mendosd bowls sad o busket of water. He womts » 4o w experiment

10 fid ow ¥ ke & correct. Which of the folbwing showid be 407

2. Flnes two dowls with the seme amownt of waler i & warm e,

b. Pisce n bowliof wokr b 5 vool plce 224 & bowl with twice e amovat of
wsisr b o warm phee.

2. Flace 3 bowl of waler i » cool plice 224 & bowl with bl of e amouns of
ater ;2 warm plage.

& Fisce 3 bowlol waby & 2 cool shes and 2 bowl with te ceme amount of
wraly I s W plase.

26, The droplets of vater on B owiside of (e ghas comtaiiers pictwed ebw most

Likely resul from which of the followng?

5. Water is Jeaking throvgh 0% comtainer wall.

b. Waterin e air outsile the container is sooling sad changing from vaporie

¢. & sbove the ive insHe the comisiney is warning sad changing from vapor to
fgui

£, Ok a¥ s enivying watkr Bom Se lwsile to the ovils of (he sontaing .

21 Cwnently, sebaiins meke mony predictions sbowt Ge way seliis dekawe by
sssuming thet the sboms inthe 3018 hedawe as Wikevar conneeted by duy
springs. This menns thal whisk of the folbwhy Buw?
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6. T Bave mvst be tiny springs conpecting sloms together.

b, Seiewiists wil slwmys Uil & wselvl o think of stoms & sonmected by springs.

£, An imeliger e form on wmother planet woull simost seriainly ink abowt
solifs inthe same Gashibm.

é. 'E'Ex;nésfmg of stoms as being senzesied by springs sonstituins v welvimodel of
solils.

2. Beca}nse #is 2 swoeessid mode], the spving model of the dom ean be elossified
88 & las.

2k, FBithe Aquatic issec canbe pouped ascording to kow sad what
they est. These 23 “Tunstional feeling” growps reveal the mazy roles aguaths
imsects phorin sweam ccosysnms. ol the B2 delow, fE B the nsme of the funetional
faeding growp descrided on de blbaks provided.

GroazevslSoragers
Predarors Filtering Collegions
Gathering Collestors Fhredders

s The blesck (ly lorws. (Sipuliids)is found infast cwrent sress where # catehes small
organds partiches with 85 es%ended fan-shaped brushes. B & an sxpmyle of
which stradn mipwte o tiny pawvtichs oWt of e waler.

Bome CaAdisfly [Trishophrs) v ore . Ty
funstbnalfesding grovup cals comrse dead plaak materisl: laaves, grasses and
sguatic plants. They bresk bage pleces of organi malter into finer maderisl that
ismiessd in i faces.

et

é. ,sueh a5 mayllies, feed onalyae thad’s growing ob
stones and other sxbotrates in the waler. This fvectionsl feeding growp are wswally
finiteped dorso-ventrelly sud verysireamimed.

e Chelon: Tirele U Best

23 Growp 1 elements ave similr inal of Be folloving wous et
5. they alllose ome slsstron
3. they et B sim¥ler ways
¢, they allhave the same pumber of protons
4. they ww sl metale

24 Fhich of the following 5 snexumple of 28 homogenows nixure
2. Dbeansoup
5. ohdelem brotl
8. pond water
4. salk wakey

23 Bide b of the Tellowing is a ehemiosl ehange?
teaving % pisce of pager

= ta2dls peliing B 12e hot svn

settling of pond warer

rusting steel wool

[l
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ab.

2. Mame %e compound that isrepreseniod by Be chembal formvla:

Li¥F

AICH

Mgy(POgs

5. Ui the «homisal formulds for these compounds.

Posshan bdide

Magmeshum flovide

Coleivm nitrain

¢. Wrin the somplek equatbn for this dowdlh dipincement mzclon wing
chemizal symbols. Balance each comvownd. [Youdo eed o balamee fhe

egvaibnl]
potsssivm chlorfe and calelvm suifake
27, Tl Wrike the werm from the Bst Delow thed best Iiis the phesse in
the smewar blank proviied.
aguati: plants smbeddedness
sroding bsnks fine zediment
flow i maters
pook prefomineat subsirsie
riffleg stadle Rhsdint
tenths of fa?
. messwes how deeply covarad the rockszad pavel sre by mad
s 532

b. i anothsy tevm for Midiag ploeee for smallanimalk 204 teeny
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ereatwes. R imslules rubble, gravel, submarged logs, snd wadersw hanks.

¢, One of the tings you wilito look for slong the sile of the gresm are wess of
bare so@, ssowed basks, s2d sloughig benis, exyese& roots, and asing Wwees.
This best fizs 2he dess nﬁ%m. foy-

4. The sreas of Uhe stream waker that bubbles over vocks [mind- vapids) ave calld

28, Whatwas e most ineresting thing the pou discovered, learped ov 488 dwing e
Traver Crashk profect?
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2%,

B mayp by odding (% lesst 4 copeepts wier Jenthiss, 2 mon
exnoepts wader phwskal haditar 024 2 move conce pis valer Waler q%%ﬁgr tests.
Uise (he following words for others of your cholee) o show De relaticadiips
betven the consepts: employe, comes from, determines, depends on, eakind
of, fovezsmyple, needed dy, covers, lesds to, changes, resvls i, ote. Also dnw
lines snd smrews to indleste how the contents vader each of e e mudn
assessmeBis ave relnied {0 eschother. Fially write a paragunph cxpluining G
e ltlonshin: youdrew B yow mey.

T

guurived by

{

Wazry Quiby Tzias

-

whizh frchde ik &N‘{s

I/

e bl : Eaibk Chrrenicd Yotz
o
= \yzé
pmbrddrdnsit
med
ZmBes

239

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fishing slongthe Fwon Eiver & o popvly seiddly. Barion Pord is lueally
kaown for s bass, bivegill, perch and cavp recvestionsd fshery. Occasionaily
saglers willoateh walle ve and pike b Qusimpowndment. This svmmer, howe vy,
rapoeted ealohes s waydown. Mickimn Department of Mxwil Ressurees
fishary specialists were sent to lnvestigete. They fovad thel the popubibas of the
fishexupll B the swvey nals 10 be waydown. They also diseovered »spectes of
fich e ver bafore reporied inths Huron Rimy,

Tha fich, the rulfe (Fymiuoceplabs cerians) is o snall Ewopess member of the
pereh Gamily. Tt was Ot Birofueed 920 the Gresk Lalkes aves sround 1985,
Rulle growrapillysnd canreproduee inthelr first vesr. Temaks in the Great
Lakes ares have been knows w Iay betwaen 45,000 snd 90,000 eggs o year.
Ruffe are yrimarfy bottom feedars. Thay ravely gvow bigper thon 3 inshas,
although the sharp spines on thed glll covers, dorsal and smalfivs make then
diffie vk for lrger fish toest.

5. What 4o youtkink is happe ning to the mstive fsheommunBy?

3. Howcanyoufind ow if your hypothecls Iscoment? What wilfl wou
imwastigate?

¢ How will youuse e hvestizatba vesuls © see ¥ voulimothesic ¥
sorreek?
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i 4: Beld ardlely, e ansrser 192 quathbes b w.

Dwig e swmne of 1986, wind-swing on Be Hwon River in Salivy Purk was
& populer sotilty. Boards could Be vezted from the comsercion stond . Then
seversal Aan Ardor stwdemts same down with Dhepatiis, a discase thet altacks e
Uver. Pudlic health offichls determined that the only sotivity (he stvdenis had in
eommonwas &e wisd-surling, vet when they sted Un waler &b Badup Pok,
they sould not Ged the sowee of the dbease. The gvlents ok Hwon High Hehosl
decided o carvy ot thelr own Tove stigations and they were adle to confirn Bt

the sowree of the disease wos (he river waler, 2nd (hok the highestvisk fowr
&3&2&6@3&&3?&@ ditease chIMe KNer BRR VY FAIDS.

2. What do youtkink is Bappening to the river the! mokes & dnngwrows
winlswiers?

3. Bow canyou find owt ¥ vow hypothesis seomect? What wil wou
imvestiguia?

e. How will youwse e hvestipatba resulls o see ¥ youbypothesic &
eorrect?

4. E the Wt supponts youwr hypothasis.. what needs to lappen b moke e
riversafe for wind-swiing
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Answer Key for

Form A

1. List three rivers/creeks within 50 miles of your
school.

5. 1n what watershed is your school tocated?

3. Heve vou ever visited Traver Creek?

4. What are some kinds of activities you would
tike to do in or around & riverfereek?

5. How much do you agree with each of the
fonowing siztemnents. (Clicle one)

1 =1 don't agree at all...3 = I agree very much...
K=not sure/don’t know

a  Water pollution is not a problem because
people don't drink river/creek water directly.

p Trying to live in balance with nature isn't
possible -- we've altered it too much

6. Rank the following environmental problems from one to five, Puta
pumber one next to the ttem that you think is the most pressing problem
facing Americans ioday, and a two next 1o the second most pressing
enviropmental issue, and so forth, until you get to five.

water pollution
air pollution
indoor radon

pesticides and chemicals in our food

Form B

# Correct €.8.

Huvon: Trasz", Honey, Fleming, A;ﬂeng Mﬁa}ieﬁs,
Mill, Clinton, Detroit, Rouge, Saline, Raison,
Kalamazoo, Grand River elc.

3=13,2=L2, I=L1

O=no response, 1= Hurosn, 2=don't know, 3= other
O=no, 1=ves, 2 = unknown/NR

iist. 1-4,

Code 1-5, X=9 examine frequency distribution

As long as my drinking water is clean, I don't
have to worry about water poliution.

Trying to live in balance with nature isn't
possible -- we've altered it too much

Code:

6a. 1-5 water pollution
&b. 1-3 air pollution
6¢c. 1-5 indoor radon
6d.1-5 pesticides

Ge. 1-3 ioxic chemicals

joxic chemicals in our environment (PCR’s, dioxin, lead in the

scil, etc.)

7. List five (5) things you couid personally do to
reduce your contribution 1o water pollution.

8. What body of water does Traver Creck empty
into?

9.You see someone polluting the river/creek, 1o
whom would you report that person?

# of agencies

count # of items
G = wrong or no response, 1= Huron River,
9. List the governmental agencies or public

officiais who are responsible for Traver Cregk?

# of agencies.
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10, How would you rate the guality of Traver
Creek Water?

a awlul

b. pretiy dirty
<. all right

d. preity clean
2. great

11. Which Dissolved Oxygen (DO) saturation
level would be the best for the creek?

i=a awful
2=b  prety dinty
3=c  allright
4=d. prettyclean
5=e great

11. Which pH level (degree of acidity) would be
best for the creek?

I=a 30% i=a 3.5

2=b. 60% 2=h. 55

3=e. 9% J=¢. TF.8

4=d. 120% 4=d. 93

5=e¢. Don’t know 3=e. Dor'tKnow

12, Which type of subsirate would you 12. Which type of substrate would you
expect to find in a riffle area in g stream? expect to find in a pool area in 2 stream?
i=a  fine silts I=2. fine silis

2=b. sand 2=b. sand

3=¢.  gravel 3=c¢. gravel

4=d. cobbles and bouiders 4=d. cobbles and boulders

13. Fecal coliform is: (Check [V} all that apply)

a_____ achemical from industry that pollutes waterways.

b_____  another name for untreated sewage. 122 0 = unmarked, I=marked
C usually a non-point source pollutant in the creck. 13b. 0 = unmarked, 1=marked
d_+/_  abacteria that lives in the guts of mammals. 13¢. O = unmarked, 1=marked
€. abenthic macro-invertebrate that decomposes organic  13d 0 = unmarked, l=marked
poliution. 13e 0= unmarked, l=marked

14. Which of these would indicate an
improvement in Traver Creek's water quality?

ida An increase in the number of fecal
coliforms. @ = unmmarked, 1=marked

14h, A rise in the amount of total solids &
= prmarked, I=marked

Tde. . A shiftin the Water Quality Index
from 535 to 71. O = wnmarked, lsanarked In the
WOI, kigher values indicaie a befter water
quaiity, This would be the result of an
improvement in one or more of the 9 paramelers ,
such as DO, pH, FC, BOD, ¢fc.

14d. Finding 2 iot of different kinds of
insect larvae in the water. O = vnmarked,
t=marked High diversity is usually an
indication of beiter environmental guality.

total 4=13,3=12 2ori=L1

i4a A dscrease in the number of fecal
coliforms. O = unmarked, I=marked Fecal
coliform numbers have a big impact on W and
indicate probiems such as unireated sewage
entering a system. A decrease would indicate that
that source of pollution in decreasing

i4b A rise in the Gurbidity © = unmarked,
i=marked
4o A shift in the Water Qualitv Index

from 75 10 68. § = unmarked, 1=marked

144 Finding a tot of one kind of insect
farvae in the water. 0= uynmarked, I=marked 7z
depends... if you find a lot of “Taxa I” insecis,
{mayflies, stonefiles, eic.} It may indicate good
water guality. Loty of a Taxa 3 would indicaie
poor water quality. Usuglly its beiter 1o find a
diversity of species rather than dominance by a
single species.
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15.What would happen if exira phosphates enier the 3 = Accurate- student explanation consistent with

Eixira phogphates might come from human
wastes, animal wastes, fertilizers, human
disturbance of land & vegetation, draining
wetlands (F.5.2)

Phosphaies are a plant nuinient (fertilizer). Exira
phosphates in the creek will cause algae 1o grow
{population growth). rapid growth = algal bloom
(C.55,F2n

Algae carry out photosynthesis {fix energy in the
form of carbon in the presence of sunlight (6C02
+ 6 H20 ==> C6HI1206 + 602.) More algae
carrying out Ps means more oxygen will be
produced during the day (increased DO} (C.5.2)
Algae (Jiving things) carry out cellular respiration
{(C6H1206 + 602 ==> 6C0O2 + 6 H20). At
night, use of O2 exceeds production and DO
drops. (C.5.2}

Afier the phosphates are used up, the algae dies
and begins to decompose. Decomposition by
bacteria reguires DO (= BOD) and 50 DO levels
drop further. (C.5.1)

16. Use the Periodic Table to complete the
following chart.

prevailing scientific thoughi. Explanation
contains detail, and elaborates, may include
examples

2 = Semi-accurate - student mixes scientific
reasoning with alternative reasoning; explanation
iacks detail and elaboration, may be missing
constructs/relatonships

1 = non scientific - student explanation uses non
scientific reasoning, may be expressed in
generalities - missing several major
construcis/relationships

0 = no understanding - students did not provide a
coherent description although they did atiempt to
write some soit of response.

9 = no response, nothing written in space
{=blank}.

Other living things {(e.g. benthics) may be
affected by the changing DO levels. E.g. Taxa 1
organisms {e.g. mavflies) cannot survive in low
DO waters (C.5.5)

Ato Eleme |Symb |Atomi | numb Atom | Eleme | Symb | Atomi |numb
mie ntal ol € erof ic nial ol e er of
nun name IAss electr numb | name Mass electy
ber OHS er ons
20 a b. Ca c. 40 d. 20 i9 Potass | K 39 i9
Caleciu iwm
m
e 1% 1L Na g 23 h. 11 17 Chiori | Ci 355 17
Sodiu de
11}
i, 15 !Phosph L P k. 31 i. 15 48 Cadmi {Cd 112.4 |48
Orus wm

number of elecirons (b1} (3.2,1),

Naming/symbols (a,b,fj,) 4-13,3=12,20r1 =11

atomic # and Mass (c,e,ji, k) 5=13,3-4 =12, Zor | = Level 1.
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17, How do each of the Raw coding:

following affect the watler { = no response

guality of Traver 1 = makes it worss,

Creek/Huron River? (makes it 2 = makes it better,

worst, makes it betier, dossn’t 3 =doesn’t affect it

affect ity Choose TWQO that correciness coding. 3 = correct, 1= wrong response, O=no response

vou think might change and Explanations:

describe what related factors or 3 = Accuraie- student explanation consistent with prevailing scientific

parameters might also be thought. Explanation conizins detail, and elaboraies, may include

affected or invoived in the examples

change? 2 = Semi-accurate - student mixes scientific reasoning with alternative
reasoning; explanation lacks detail and elaboration, may be missing
constructs/relationships

1 = non sciemific - sindent explanation vses non scientific reasoning,
may be expressed in generalities - missing several major
constructs/relationships

0 = no understanding - students did not provide a coherent description
although they did attempt to write some sort of response.

9 = no response. nothing written in space. (=blank)

total = average of response and explanation, if given.

17 a. Fertilizing your lawn. 17 a. Using a high phosphate detergent to wash the

3 Worse- NOx and PO4 from the fertilizer may family car in the drive way.

wash inio the steam, causing algal blooms, 3 Worse- PO4 from the detergent may wash into

increasing BOD, etc. the steam, via storm drains, causing algal blooms,
increasing BOD, etc.

17 b. Water runoff during a heavy storm. 17 b. Six weeks of hot summer days without rain.

3 Worse- runoff will carry pollutants into the 3 Worse - less water + heat increases water °T, -

stream  OF decreased DO and heat siress

2 Beiter - the flooding will scour the stream
bottom, improving habitat

17 ¢. Installing 2 combined storm and sanitary 17 c. Beparating storm sewers [Tom sanitary sewers.
sewer system. 2 Better - Less chance of untreated sewage being

3 Better - storm runoff {with NPS pollutants) will  released into the water way ...

be treated before reaching the stream. but

unless 3 Worse - since NPS pollutants will no longer be

2 Worse - if system capacity is exceeded, untreated freated in siorm runoff

sewage may be released into the stream to prevent

flooding of the treatment plant.

17. d Clearing the trees and bushes from the banks 17, d Restoring and protecting natural wetlands

of the stream. along the stream.

3 Worse- clearing decreases shading which allows 3 Better - increases waler refention, decreasing
temperature 1o increase. -» DO2 decreases Less “flashiness” of stream. wetlands act a filters -
vegetation increases bank erosion, leading o silting  retaining NPS pollutants and silt. and absorbing
of habitats. Also less leaves for food chain. nulrients

1= better 1 = worse

17 e. Expanding a parking lot at a shopping mafl. 17 e. Expanding the Leshie golf course
3 Worse - increases rapid runoff. less water scaks 3 Worse - construction leads o erosion and siling
into ground. Stream flow regime becomes flashier.  of stream habitats. more course > more feriilizer-

runoff carries pollutants into stream - MOTe nuirients enfering stream., {and more
geeseT)
245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18. A solution in a dish contains 3 grams of
salt dissolved in 100 grams of water. If 50 grams
evaporates from the solution, bow much salt
remains in the dish?

i=a - 0.0grams
2=b. 1.0 grams
3=¢. 1L5grams
d=d. 3.0grams
i2. Juan thinks that water will evaporate faster

in 3 warm place than in a cool one. He has two
identical bowls and a bucket of water. He wants to

do an experiment 1o find out if he is correct. Which

of the following should he do?

1= A. Place two bowls with the same amount of
water in a warm place.

2= B. Placea bowl of water in a cool place and a
bowl with twice the amount of water in a warm
place.

3= C. Place a bow! of water in & cool placeand a
bowl with half of the amount of water in 2 warm
place.

4=d. Place a bowl of waler in a cool place and 2
bowl with the same amount of waler in s warm
place.

20, The droplets of water on the outside of the
glass containers pictured below most likely result
from which of the following?

1= A. Water is leaking through the contatner wall.
2= B, Water in the alr cutside the container is
cooling and changing from vapor to liquid.

3= . Air above the ice inside the container is
warming and changing from vapor to liquid.

4= D, Cold air is carrying waler from the inside to
the outside of the container.

18, A solution in 2 dish contains 5 grams of
salt dissolved in 100 grams of water. If 50 grams
evaporaies from the solution, how much salt
remains in the dish?

I=a 0.0 grams

2=b. 1.0 grams

F=c. 2.5 grams

4=qa. 5.0 grams

is. Y vette thinks that water will evaporate

faster in a windy place than in a still one. She has
two identical bowls and a bucket of water. She
wants to do an experiment to find out if she is
correct. Which of the following should she do?
1= A. Place two bowls with the same amount of
water in a warm, windy place.

2= B. Place a bowl of water in 3 protecied place
and a bowl with twice the amount of waterina
windy place.

3= C. Place a bowl of water in a protected place
and a bowi with haif of the amouni of waterin a
windy place.

4= ¢l Place a bowl of water in a protected place
and 2 bowl with the same smount of water in
windy place.

20. The droplets of water on the outside of the
glass containers pictured below most likely result
from which of the following?

1= A. Water is leaking through the container wall,
2= B. Water in the air outside the contalner is
cooling and changing from vaper e Hguid.

3= . Airabove the ice inside the container is
warming and changing from vapor to liguid.

4=1D. Cold air is carrying water from the inside to
the outside of the container,
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21. Currently, scientists make many
predictions about the way solids behave by
assuming that the atoms in the solid behave as if
they are connected by tiny springs. This means that
which of the following is irue?

1= A. There must be tiny springs connecting atoms
together.

2=B. Scientists will always find it useful to thin of
atoms as connected by springs.

3= . An intelligent life form on another planet
would almost certainly think about solids in the
same fashion.

4=D. Thinking of atoms as being connected by
springs constitutes a useful model of solids.

5= E. Because it is a successful model, the spring
model of the atom can be classified as a fact.

22 O =wrong/NR, 1 = comrect.

a. Filiering Collectors

b. Shredders.

c. Qrazers/Scrapers ,

23 Group 1 elements are similar in all of the

following ways except:

1=a. they all lose one electron

2=b. they react in similar ways

3=¢.  they all have the same number of
protons

4=d. they are all metals

24 Which of the following is an example of
an homogenous mixture

i=a.  beansoup

2=b.  chicken broth

3=c¢. pond water

4=d. sall water

25 Which of the following is a chemical
change?

i=a.  tearing a piece of paper

2=b. acandie meiting in the hot sun
3=c¢. setfing of pond water

d=d. rusting steel wool

26. Metals and Non-metals:

a. Name the compound that is represented by the
chemical formuia:

al LiF Lithium fluoride
a2 AiCls Aluminum chioride

&3 Mga(POs)y Magnesium phosphate
b, Write the chemical formula for these

compounds.

bl Potassium lodide Ki
b2 Magnesium fluoride  MgFly
B3 Calcium nitrate CaiNO3 )

2L Currently, scientists make many
predictions about the way solids behave by
assuming that the atoms in the solid behave as if
they are connected by tiny springs. This means that
which of the following is true?

4. Thinking of atens as being connected by
springs constitutes a useful model of solids.

22. O=wrong/NR, 1 = correct.

a. Filtering Collectors.
b. Shredders.

c Predators,

functional group understandings = sum (3,2,1)
23. Group 7 elements are similar in all of the
following ways exeept:

1=a. they all gain one eleciron.

2=b. they react in similar ways

3=c. they are all non metals

4=d. they all have the same atomie number

24, Which of the following is an example of
an heterogeneous mixture

i=a. chicken broth

2=b. salt water

3=¢. cleanair

4=¢d. rubbing alcohol

25 Which of the foliowing is a physical
change?

i=a.  rusting steel wool

2Z=b. a2 candle melting in the hot sun

3=¢.  the color change when testing for nitrates
4=d.  mixing two liguids, which form a solid
precipitate

26. 1= correct response, § = wrong or NE
X1 Potassium jodide

MgFls Magnesivm fuogide
Ca{NO3)p Calcium nitrate
viderstanding = average of responses

b. Write the chemical formula for these
compounds.

Lithuum flvoride LiF

Aluminum chloride AlCls
Magnesium phosphate_Mg3(PO4)n
understanding = average of responses

¢. Write the complete eguation for this double displacement reaction using chemical symbols. Balance
each compound. [You do not need to balance the egualion!]

potassium chioride and calcium sulfate

2K + CaS04 <==> Cally + K9804 (posttestionly)
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27 Fill in the Blank: Write the term from the list
below that best {it2 the phrase in the answer blank

orovided.

a. embeddedness
b. stable habitat

<. -eroding banks .
4. riffles .

S12(28/30). Problem defimtion/hypothesis
CU’s

C.4.3 = identified problems as biotic inferaction
with invasive species

3 = competition

2 = predation

1 = other, vague, general

C.5.5 = Other probable cause, €.g. changing
environment w/ differential environmental
tolerances

3 - env. changed, natives no longer can survive,
invasive lake over.

2

1

S1b(28/30). Investigation design

SU AL2

3= scientifically accurate - suggests an
experimental design that directly addresses
identified problem suggests data. Explanation
integrates and applies knowledge, controls
variables.

2 =developing - employs some methodology,
perhaps survey, - suggesis data to collected. may
mix scientific and non-scientific approaches. may
not control variables.

1 = nonscientific - suggests other approach, e.g.
reading, talking to people

0= nonsensical - lacks a coherent design or no
Tesponse.

S1c(28/30). checking results against hypotihesis
(interpretation)

SU: A1S5 - construction of argoment

3 = Supported - predicts results based upon design
that would support or refute hypothesis

2 = semi-accuraie - uses some supports for
hypothesis

1 = unsupported, nonscientfic -

(= nonsensical - lacks a coherent argument or ao
fesponse.

822(29/31). Problem definition/hypothesis
CU-F32

3= identified problem as possible human
environmental impact and suggest probable cause
{e.g. A -sewage; B- lawn chemicals}.

2 = Other probable cause, e.g. ioxins

1 = non-~scientfic cause.

27 1= correct response, § = wrong or NR
& fine sediment

b, aguatic plants .

c. predominant subsirate .
4

. pools .
4=13,32=12,1=11,

S51a(28/30). Problem definition/hypothesis
SUs-A11

3= states reasonable thesis - well defined, makes a
prediction stating possible cutcomes

2 = states reasonable thesis, no prediction, may be
general

1= vague, undefined or non-scientific thesis,

0= nonsengsical - lacks a coherent construct or - no
response

S1b{(28/30).. Investigation design

BU-A22 - purpose of investigation
“because... so that... , to find out if...”

3 - inquiry for verification or exploration

2 - inguiry to test an idea and see if it is right
1. no purpose beyond task/ class expeciations
0. nonsensical or no response

S1c(28/30). checking resulis against hypothesis
{{interpretation)

EU A.2.5- explains rationales

3. uses empirical evidence to justify or evaiuate an
argument or state position

2. Uses some evidence 10 support argument

1. doss not use evidence or does 1ot justify.

S2a{29/31). Problem definition/hypothesis
8s-AL1

3= states reasonable thesis - well defined, makes a
prediction stafing possible outcomes

2 = siates reasonable thesis, no prediction, may be
general

1= vague, general, undefined or non-scientific
thesis, (= nonsensical - lacks a coherent construct
OF - 0O TESpPonse
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S2b(29/31). Investigation design

SU ALZ2

3= scientifically accurats - suggests an
experimental design that directly addresses
identified problem. Explanation integraies and
applies knowledge, conirols variables.

2 = semi accuraie - employs some methodology,
perhaps survey, may mix scientific and non-
scientific approaches. may not control variables.
1 = nonscientific - suggests other approach, e.g.
reading, talking to people

{= nonsensical - lacks a coherent design or no
response.

82¢(29/31) checking results against hypothesis
{{interpretation}

SU: A15 - construction of argument

3 = Supported - predicts resulis based upon design
that would support or refute hypothesis

2 = semi-accurate - uses some supports for
hypothesis

1 = nonscientific -

0= nonsensical - lacks a coherent argument or no
fesponse.

82d(25/31) Solution

3=Accurate/Elaborate - solution directly addresses
identified problem, feasible

2 = semi-accurate, realistic/ moderately complete
solution,

1 = vague, general, not feasible or nonscientific -
solution address other problems/issues

0= nonsensical - lacks a coherent explanation or no
response.

30. (pretest)What issue or question are you most
interested in studying during the stream project?
(28/30). (post-test) What did you find most
interesting during the siream project.

31. Concept map

(29(31}) on post test

S2b(29/31) Investigation design

EU-A.2.2 - purpose of investigation

3 - inguiry for verification or exploration

2 - inquiry 10 test an idea and see if it is right
1. no purpose beyond class expeciations

0. nonsensical or no response

S2c¢(29731) checking resulis against hypothesis
{{interpretation)

EU A.2.5 - explains rationales

3. uses empirical evidence o justily or evaluate an
argument or state position

2. Uses some evidence to support argument

1. dosg not use evidence or does not justify.

S24(29/31) Solution

CU - F-5 or F6 - golution addresses human
contributions 1o the probiem

3 - scientifically accuraie

2. semi accurale

1 - non scientific.

keep list - look for themes

31a - MNumber of concepts added

31b - Number of links added

explanations {levels 3-1}

if maps warrant - use more sophisticated scoring
guide.
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W7 Y HIGH B

FormmaTions oF SCIRERCE - 1
FoliZenemer Postden

Srvdent's Hame:

Period: o Block 1-8:00 - 5:30 BE¥ {Hathej
e Block 3-9:40 - 1130 MW {Liz)
. Bloek - 12:00 - 1230 MY (Kathe)
 Eiocke 7- 140 - 10 MW {Lin}

Cowel vl follow Be dimctions for aash st of questions. Yow hstreeton
willwse thb poct-test 1o bl scoess what you hawe leorned showt e sem
projest, water 9ually 2ad othey enviroame prad fosuse 1his semestey. Tow
responses wilaleo b2 wsed intde stedy obow whet students e wheRangaged
inewmaded projects Hie e stvdy of Tvawr Creek. Do vour very best sad
smswer sll of he guestions with Py stfules 2nd knowledge you have today.
Thoaks!
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5. List thres rivevslereales winhin 50 mdies of yow school.
%.
k.

g.

¥

e whet waterched I¢ yowr school bested?

3. Have youever yitied Trawr Creek?

4, What are some kinds of activities vou ke 10 do in or wound » viver or crask?
g Hurwmweh o 2eh. of he & . (Cirek oma)
i=T1dcntagreen = ] agme wry mysh.. X=not swellont kpow —
&5 bag 16wy &inktisg wakr & clesn, 140812 Jove W worrysbow 12 %4535 X% ‘
walerpoRutios. e ; o
: ; 122 4535 E
I see mo eazonfor me & do wnything sbow envionmental problems

_ sinoe most of Whese situations willlix hemselves.

 People Gase Says wowy oo mwh ebov soltion.

.,,a
0
o
o
w
2

Tae éetam‘aw we w5t in the dkhwasher will hely clean e waler in

' &3 yougo downthe viverforsek, the water is likely to decome clesmar }' 23 4 5 X |
| Howwewashowoushissaimpact oneriedorssk, 1 2 % 48 F
Trying t clean upthe iverkereck justseems toomwhofapain, 1 2 8 43 X
140"t ereale environments] problems, so i2's 2ot By responshiliy 12343 X
_tosolve them. N o . o o
25 hard  find mmwms whare citizen action ke really made 2 12 345X

differenge inihe envivonment. o
 There are snavlmber of thingsIenn do 0 hﬂp clesn wp the viverfresk.

Cace we solve an envivonme nial prodlem, R seems thet we cres a
| mew problem.

_ The governmeent will eveptuslly slesn up the river.
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E would be embamassing o be (ke only one Inmy sehool who mde
their dile to sebool.

Shopping malls can “**’?.W?‘“ﬁ@ ¥ waby ?‘*3@"’3 i e
Teansssily€ind the isformation I need to bnform me sbow
_enviroume nkel Isves.

M
2o
g
-
@
b

Tryieg © Hve ln Jodsmee Wik nabwre isnt pam%e - voezre slieved B
L womwh

8, Rank e Sollowing eavironments] prodleme from ome to five. Pl s one ned 10
the fem thet you think is the most pressing problem facing Americsns today, and a two
232 1o the second most presshy eavionmenial Issue, and so forh, waidl vou get to five.
e BBRRE, BORNRIGR
aie poliviion
e gy vefion
—_ pesticides end chemibels inow food

tonisc hamisnls in ovwr environme ¢ (PCB"s, dloxin, bad inthe sodl otz ]

7. List five {3} things vou cowid personally do o reduee wow sontribution to wailw
poliwtdon.

2.

3.

8.

4.

&,

g, Imie what dodyeof wakey does Trawer Cnelk empiy?

a. List m;& governms 1ol agennies or publh offbisks who we responsile for Traww
Creele?
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it

iz.

i3

34

preity clean

2
3 e
5. glivig
.

2. gnal

WhishpH evel{degee of asBizy} would be best for the sresk?
55

73

9.3

Don't Kaow

Py

Whichiype of subsrate wowdd you expest v find i 5 pool wrea in a stream?
fime cils
-l

. ¢obhlessnd bowlders

FesalooBlorm Is; {Check [/] allthet spply)

scheminel from indwswrythal polldes walerways.

santher name for untreated sewage.

wsyaliv.s non-poik sowee pollwiant inths cresk.

& bagteria thet Bves in the gws of mammalks.

% benthis mosvo-dmvertebraie that decomposes organis polluion.

[aabadl o

NERE

ok isete 20 IMBprOTR in Traver Creelds wale

{Cheek [V 25 many 23 sppropriste ] Them choose O of the Bems
Em Wh cke cked und explain wlg you think fhst would indioate an mporeme B
in waker quslity.

Adesrease in the number of feesl coliforms.

Avise in the twbilly

A s in the Water Qualiy Tndex from 76 1058,

Pading » bt of oz kivd of inseel Jrver inthe walker,

{(Why?)
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5. Fhatwould hapyen i exdve phosphates tnley m me&v? mscs'm iz process in
terms of photoseasis, selllor resaration, D ved GO 2(D 0} sad

Bisedeminal Oxvges Demand (BOD). Include
B yow snower.

yrek minel eguntns

5. Ube Do Povisliz Talle to com

¥ ! Ebmenzel 2Emler ol
RAEmS elecirons
iv
Cl
Cadmivm

17, Trviswsel of e Blbuier ofen e water cually of Trave Crabifives
m?{mﬁ%as B worst, makes It deler, doesn’t offest zzjs o5 TOO Bhat wu
think might change mé, des B whak mm& factors or paysmuelers might also Be
affacted or Ivolved in the change?

Using » 2igdh phosphate detergent to wash the fumily car i e drive vy

Hir weeks of bot summey days wihow wmin.

Heparating stovm sewers from sanlery sewers.
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Bestoring and wrobecting nstvral wellands sdong Ge sheam.

Expanding the Leshie go¥ sowrse

18, Azohtionin s dik conteins 5 grems of sk Qissolved iz 100 grems of waler. ¥
50 grams evagorsies from e solwtion, bow mvekh st vemadns in the 4532
s COgums
B D ORRE
¢. 2.3 gnms
4. SOgnms

19, Vesige thinks thet water will evaporais faster in 5 windy place then ins still one,
Hhe bas tuee Hentiesd bowis aad a Ducket of water. She waas o do s
gupeviment 1o find owk ¥ che & cormet. Whish of the following showld ghe 307
2. Place two Dowls with the seme smovad of wiier in & warm, windy plwe.

%. Phne 2 bowlof walky i o protecied phes 22d o bowl with twice b amov of
wraiet i 2 windy pleee.

¢. Place & bowl of waler & & protected place amd 2 bowl wih ha¥ of the amount
of vrsiay i s windy plase.

4. Plase o bowlof waler I & protested phoe sad o bowl with the same smowak of
waker & o windy plase.

20, The dvoples of water o Ge owsiie of t2e ghss
contaipers piriwed to (he right most lkelyresult from
which of the follbwing?

2. Waer is leaking rowgh Be contaler wal.

. Fhsterin e adr owisile e contalner s eoolng
224 changing from wapor to Hguid.

¢. Adr adove the ive insile the contaiver is warnming
and changinglrom vapor 1o Howid

4. ol airis canving wakr fron De insHle 20 the
oupsile of the comtainer.

2. Cwwmnlly, sohwits male mony predictions show Be way solils bebuwe by
wsswming thes the stoms inthe s08 bebave 3s ftheyare cozmected By Yny springs.
This menns that which of Ge following is wes?

a. T hare moust be tiny springs conpecling sioms togethar.

b. Selenticts wil ddways Pl & usefvd to think of sloms 83 eonnacted by syvings.

. An ioreTigent Be fovm on anothyy plapet would slmost eertainly think sbowt
5035 inthe same (nshivn.

4. ’fhﬁgm of woms a2 belpy conpected by springs constitwns o welwimedal of
sniis,

&. E@w?@ i 8 a sweessslel modal 1he syring moldel of the slom can be elaesifisd
25 & faet.
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22. Z: Aquats imses® canlde grouped ascoriing to how sad whad
thay eal. ‘E’Mse ifferen “Tunstionsl feeding” orowps veveal G many roles sgvall
insects phvin sream ecoswme. From e U2 delow, 05 B the mame of the fusctions]
feeding grovp deseribed on G blagks provided.

GrazersiBerapers
Predators Tiering Colectors
Calhering Collestors Ehreddears

& The et spinning eaddisfies (Hulyopombils] we fovad & fast cwrents where
they bulld their nels to osteh Yy mbute wm Iss 0w of the waler column. They
e 35 e mple of

B, Crene (0 vwee [Tlpulile) ke %o live in the 2af packs thak cateh o rosks and
olher obsiresiions 1nthe siream . Theyshonp up the Baves sad the beskeris
dscomposers Uat cower the kel swleees. COmae fly brwe are an emmple of

5. Bines Beyfeed on ofher spvatic insects, o P2 T Do
brge pinser-Iie faws [helgrammias), or spear-lite mowh perts [vmier stviders.

28, Growp 7 dements we simily inal of e following way esmepl
4. Ueyallgad one electvon
5. theyresct B osimiler ways
5. thspae allacamelnls
&. they slibave Be same stomic pumber

24, Widshof the following & s wxsmple of 35 heterogeneous misture

$. Sianal
é. mhbiag slechel

25, Whishof the following o s physieal changs?
2. yEsting steel wool
3. poandle meling b the ot sun
Be eolor shange when lesting for adirsies
g v Ligwids, whick form o 50l preeipitate
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26,

. Hame usd tha isrepresented by B shembal fovmada

E:

Mgtk

CofH O},

. Wrie e chemics) fovmula for these compounds.

Lithdum flovide

Aluminvn chioride

FMagpesim phosphaie

6. B G complete eguathba for this dowdle dbplacement mection why
swmial symbols. Dalance tach ompound. [You do not aeed 1o Dalamce the
eguativnl]

patestum.ciiorfe and calslvm svifate
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27.
the

28.

b Wik the tarm from the Nst below thet Dest £its the plwase in
smsvay Dbl proviled.

95¥51k. planis embeddedne s

sending bankes fime selimens

ooy rae meters

2ogks, predombant substiuze

s stable habitar

tazihs of foet

ig5ik elay, and sl Dl covers e linde ovemwre’s Roddial.

. Phats found inthe vater anf (2o provide food and homes for saimaels sre ealhd

EPES

. The major type of stream boliom cowmr [lilts vosks or sand) is ealled

23

. The sreas of the stream that are shw moving, widle and tend o have 2 Jot of

sediment deposinnd inlthem are eslhd

Fhat was the most inresting ingthe vou dissoversd, lesrned or 434 dwing e
Tranver Creck projest?
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9.

wap bysdding (2 Jeast) 4 concepts wnder benihics, 2 mone
m&mgzﬁs vader physhal hobiiat and § more comse s vader Water g%kw fasts.
Use the following words {or others of yow cholce] b thow G rivioadkiys
Between e soncepts! employs, somes from, determines, depends on, 52 kind
of, forexumple, ieeded by, covers, leadsto, chms resuls i, gte. Also dmw
Tines 524 amwows 1o inflicate how the comeepls wnder cash of e theee male
sssessmenis sre velated 1o esch other. Fimally wrie a parsguph sxplabing Ge
relationships woudmw b vow map.

{ Vg Mz of Tanar Gush }

BzrERa e by

4
(o HeerQubiy Tams ¥

whEl Dl

S e— pro———
- N Bendki Gruernd Tuind
g Pievpdiedd Hilsh s E i Siusbrrnabebhns ! é §
mmz%fmsw \N&N "

zebeddedrais \
i e E

j wolas §
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4 grsdwte stulent from e Universy of M higen was stvdyig the aalive
mussels and e hums in the Huon River. When comparing the 1996 daka to past
wears, the sclamtist moticed thel the nuwmbers and diversily of native chams wie
wrediyreduced. This i areslconcern s severnlof & Hwon River's asiive
clsms sve onthe Federsl Endsngered Npecies lig. Inaddition, the sciuntis
discovered that the zebra mussel [Dreficans polpwarphal had inwded frgo Pond
234 was foved inhigh numbers,

Zabwe mussels o small, (ingernailcized myssels native to the Caspisn Hea
vegionof Asis, They were first discovered intbe Grest Lakesin 1988. Femsk
zebra mussels can produse o5 many 25 1 millibn eggs per wear. These develoy
ko mitroscoyy, ree-swinming larvae. ALsbowt Oree wadks, e ssnd grain-
size hwvae start o seitle 2ad aiteeh to ony (bm swiace. They will cover rodk,
gravel, metal, vvdber, wood, ersyfish, native mussels and each other. Zebrs
Bussels [er plapkion from e swrownding waby, ench mussel canfier sbow
one Ber of waler esch fay.

% What 4o youthink is happening tothe native mussels and ehms?

2. How canyou find owt ¥ yow hypothesks keoment? What will pov
investigele?

. How wilk ponuse the Bvestipslion resuls w0 see ¥ woulkypoiiasis. b,
et v
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g1

1he Bt seversl yenrs, 1here have been & number of 2ew hoveing
%weh}m oke buik z&mxg Dhy. Tanes Rosd & the upper part of the Trover Creek
walerehed. These tend © Do lupe expencive homes ¢n ope or 1We gor
bpdseaped Jos. DMeanwdhik, students 8t Oranmveity High School ke ve noticed
more 534 more algee {shm} eoveriang the bokom of Traver Creell. When they by
to eollect nguakic insecls oz part of the sdveam profect, R talees mueh Jonger 10
sollest the number they need . Onse, sfter aminsiorm, e gviens discoversd
severslsmallfish fosting bellvup dowa e stream.

% What do vou think is baype ning to the oreek?

B. How eanyou Gnd 0wt ¥ vow Dypothesis iscomeat? Taat will wou
investignie?

&. How will you vse the favestigation resvds W see ¥ you bypathesis. b comweet?

g

4 ¥ the 125t suppoits Yow hypothasis.. whatneeds to Dappen b masbore
niwrsl stre s LOBBYRRY?
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