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a b s t r a c t

A sixth-grade class investigated the ecologies of two local retention
ponds over the course of one school year. In this context, instruction
assisted development as students designed models of the pond in
one-gallon jars and attempted to stabilize these jars in sustainable
ecosystems that could be used to study questions about the ponds.
Unintended outcomes (e.g., algal blooms, bacteria colonies) became
opportunities to learn how aquatic systems function. Efforts to
model aquatic functioning were complemented by weekly research
meetings that served as a forum for conjecture and test of relations
between evidence and questions. At the end of the year students
responded to individual interviews about their understandings of
ecology and research design, along with their beliefs about the epis-
temology of inquiry. Results suggest that participation in carefully
crafted, extended investigations transformed students’ views of the
goals and purposes of inquiry and of the nature of science.
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During the past 30 years, the study of the development of scientific reasoning has itself undergone
considerable development. At the beginning of this period, researchers studied participants as they
solved artificial laboratory problems, such as the Wason (1960) 4-card task or Inhelder and Piaget’s
(1958) bending rods problem. The focus of these studies was typically on a single, isolated phase of the
inquiry process, for example, students’ capability to design interpretable experiments (Kuhn, 1989),
to disconfirm hypotheses (Klayman & Ha, 1987), to explore all possible combinations of variables
(Inhelder & Piaget, 1958), or to interpret tables of covariation (Shaklee & Paszek, 1985). Subsequently,
researchers have become increasingly aware of two key points. First, the phases of inquiry are tightly
inter-related. When the “scientific method” is described in many texts, participants’ questions,
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predictions, hypotheses, investigations, data collection and structuring, and inferences are usually
described as occurring in a lockstep sequence, with phases logically following each other. In fact,
of course, cycles of rethinking and revision occur at all points, and understanding achieved at one
stage frequently proliferates backward through the process. For example, trying to operationalize a
question in attributes and measures typically results in a reconsideration of the nature of the original
question. Researchers have become more focused on individuals’ capability to coordinate these
processes, rather than their facility at correctly executing a set of separate, logical steps. Therefore,
in contrast to earlier studies, contemporary studies of scientific thinking are more likely to follow
one or several integrated episodes of inquiry, rather than focusing on discrete “processes” (Klahr,
2000).

The second key realization is that mastery of the processes of science and knowledge of the content
of science develop hand in hand, each bootstrapping the other (Koslowski, 1996). As a result, accounts
of development are now less likely to divorce these aspects of science. Researchers have become
interested in describing the interactions between reasoning, on the one hand, and the content and
structure of domain knowledge, on the other. It is probably obvious that more sophisticated strategic
and logical competence will generate a deeper, more organized knowledge base. It is also true, however,
that the sophistication of people’s reasoning is influenced by the depth and structure of the domain
knowledge in which the reasoning is deployed. Domain knowledge supports new inferences that are
not explicit in the material originally learned and facilitates access to other related knowledge (Chi
& Ceci, 1987; Chi & Koeske, 1983). Moreover, it more broadly affects the way reasoning proceeds
by influencing people’s propensities to develop and investigate conjectures that are consistent or
inconsistent with their current beliefs (Schauble, 1996).

Along with our growing appreciation of the complexity of scientific reasoning comes a clearer
recognition of the challenges involved in studying it. One of these is adopting a time scale sufficiently
broad to encompass the forms of growth that we consider important. Scientific reasoning involves
the development and coordination of several inter-related phases and entails substantial knowledge
building and revision, so studies that track participants for an extended period of time are of particular
value. The second challenge involves reconsidering assumptions about the relation between learning
and development, acknowledging that their boundaries are more blurred than distinct. Some charac-
teristic forms of scientific reasoning depend upon a milieu of consensually shared norms, practices,
tools, and standards of evidence (Latour, 1999). For scientists, professional communities provide these
functions; for children, schooling provides the community within which these influences play their
role. Certainly, it is possible to study early origins and development that occur in the absence of explicit
and sustained forms of support, but doing so yields an account of development that is incomplete and
that may underestimate the competence of the participants. Children’s performance can challenge
assumptions about their developmental limitations if they are afforded sustained opportunities to
think in contexts where appropriate norms of argument and evidence are fostered and enforced and
where there is sufficient attention to deep knowledge building within domains of scientific knowledge
(Metz, 1995). Studies of development under conditions of instruction, therefore, serve as an important
counterbalance to more traditional forms of developmental research. However, these studies are infor-
mative only if the instruction is based on a strong sense of what needs to be developed and how that
development can best be fostered. Moreover, consistent with our earlier remarks about time scale, we
believe that instruction needs to be sustained and systematic if it is to be effective.

The study we report here tracked growth in sixth-grade children’s understanding of inquiry as they
investigated local pond ecologies and then invented and revised models of the functioning of these
ecologies. Our interest was both in the students’ developing understanding of model-based reason-
ing and their understanding of ecology, a domain that requires students to deploy and coordinate
extended chains of reasoning that entail complex forms of causality (Grotzer & Basca, 2003; Leach,
Driver, Scott, & Wood-Robinson, 1996). Typically, students of this age experience difficulty coordi-
nating the relations that constitute ecology, such as nutrient cycling (Hogan & Fisherkeller, 1996), and
even older students often fail to sustain self-regulated inquiry in this domain (Eilam, 2002). Hence, the
domain offers well-documented challenges to sustained inquiry and to conceptual change, and accord-
ingly, is a suitable test-bed for investigation of the prospective effects of sustained and systematic
instruction.
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1. Designing a pedagogy of inquiry

We employed a purposive sample (Patton, 1990)—a class of sixth graders inquiring about aquatic
ecology—to explore students’ changing conceptions of the epistemology of inquiry and the nature of
science through a full year of an extended, modeling-based investigation. D. Lucas was the classroom
teacher, responsible for instruction in all school subjects over the course of the year. Before describing
the students in greater detail, we describe the design principles and elements of implementation that
guided the construction of a culture of inquiry in the classroom.

2. Modeling

The form of inquiry most characteristic of the sciences is modeling. Regardless of their domain or
specialization, scientists’ work involves building and refining models of the world (Giere, 1988; Stewart
& Golubitsky, 1992). Core ideas such as diversity and structure derive their power from the models
that instantiate them, so to fulfill the promise of the “big ideas” outlined in national science standards,
students must realize these ideas as models. Models are also forms of argument; they are regularly
mobilized to support socially grounded claims and counterclaims about the nature of physical reality
(Bazerman, 1988; Latour, 1999; Lynch & Woolgar, 1990; Watson & Crick, 1953). Modeling approaches
to science have the additional virtue of sidestepping the content/process dichotomy. Modeling, by its
nature, involves repeated cycles of developing, representing, and testing knowledge. Students are not
asked to master domain-empty strategies, nor are they required to memorize inert facts that play no
role in their on-going investigations.

Accordingly, a challenge for our research has been to identify forms of modeling that are well aligned
with children’s development, a problem we have explored over the past 15 years (Lehrer & Schauble,
2005). When thinking about the developmental roots of modeling, we find it useful to recall that at its
most basic level, a model is an analogy (Hesse, 1965). Gentner and Toupin (1986) point out that there
is a continuum of complexity in analogies, captured by the nature of the mapping between base and
target domains. These mappings can range from literal similarity to pure relational structure. The most
accessible mappings are based in literal similarity: A stands in for B because it resembles B in some way.
Simple physical microcosms (such as compost columns) support mappings between the model and the
world (e.g., decaying leaves in the schoolyard) that are based on literal similarity (Lehrer & Schauble,
2002). Elements of the microcosm resemble elements of the natural system and support students’ entry
into the potentially confusing world of modeling. It is by no means straightforward why one would
build a model and study it to understand the natural world, when the world is there at one’s doorstep,
open to direct observation. This representational move was far from straightforward in the history of
science (Bazerman, 1988) and is particularly challenging for children, who often forget that observa-
tion is mediated by interpretation. Of course, there is a trade-off to relying on resemblance as an entrée
to modeling. Systems that preserve similarity with the world can also play into children’s tendencies
to confuse models with copies (Grosslight, Unger, Jay, & Smith, 1991). Yet, with sufficient opportunities
to refine physical microcosms in pursuit of a question, children begin to omit theoretically irrelevant
features of their models to more directly focus on features of scientific interest. Over time, they develop
systems that increasingly bear little overt resemblance to the system being modeled (Lehrer, Carpenter,
Schauble, & Putz, 2000; Penner, Giles, Lehrer, & Schauble, 1997). Hence, carefully managed, resem-
blance can serve as an introduction to modeling, one that serves as a resource, rather than a barrier.
Although resemblance is an entrée to modeling, modeling is sustained by stretching resemblance into
representational forms, especially those that afford quantification and investigation of relations among
quantities (Lehrer & Schauble, 2006). These latter forms, when coordinated with those that preserve
resemblance, allow students to focus on structural relations (Lehrer et al., 2000; Lehrer & Schauble,
2006) among constituents of natural systems. The emphasis on structure supports analogical devel-
opment in the sense that literal similarity is buttressed by emphasis on relations among quantities.

The students examined here took a modeling approach to their investigations of the health of the
two urban retention ponds near their school, which they studied throughout one academic year. In
the fall students made several visits to the ponds, observing, sampling, documenting, and mapping
the terrestrial and aquatic life in and near the ponds. The children posed and investigated both general
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questions, such as, “Who lives here?” and more specific questions, such as, “How much blood can a
leech suck?” All students were able to generate questions on the basis of their novice knowledge of
ponds like these. However, they revised their questions repeatedly as their knowledge grew. As they
learned more about the ponds, “Who lives here?” gave way to biologically more interesting questions,
such as, “Is the animal life in pond 2 more diverse than that in pond 1?” As the season changed and the
ponds froze, students began to design and investigate their own model aquatic systems implemented
in one-gallon jars. The goal for the students was to design a sustainable system and to use the jar system
model to investigate their questions about the functioning of the aquatic systems. Hence, the jars are
physical microcosms, as described above, and carry with them both the advantages and challenges
of this kind of model. Hence, as we explain, students layered resemblance with quantities, primarily
by inventing or appropriating measures, and went on to represent relations among these quantities.
Many students eventually entertained profound questions about whether and how the jars actually
were fair models of the ponds.

3. The materiality of scientific inquiry

Although jar ecologies are featured in many curricula, most are quite prescriptive, directing students
in a step-by-step fashion on precisely how to set up the aquatic system. The intent is probably to
make scientific inquiry “fail-safe” because teachers feel uncomfortable negotiating student failure.
At the same time, however, this recipe-like approach is a distortion of scientific practice. Pickering
(1995) points out that constructing situations, machines, and materials to investigate the world is a
defining element of scientific practice. Pickering refers to this activity as achieving a “mechanic grip”
on the world, reflecting the struggle that ensues when scientists try to wrestle the natural world into a
position where they can effectively study it. Scientists harness machines and related forms of material
to pursue avenues of inquiry. Moreover, when one develops a material system for investigation, nature
presses back in ways that investigators often find surprising and that result in adjustments of human
intentions and understandings. Pickering describes the science as a process of interactive stabilization,
one that forms a dialectic of resistance (by nature) and accommodation (by humans). The outcome of
this dialectic cannot be determined a priori. Unfortunately, school science at every level adroitly resists
engaging with this intersection of the conceptual and material worlds. Instead, students are provided
with apparatus, and their experiences are preordained in laboratory exercises. Everyone knows what
one is supposed to “see.” Machines and material are relegated to secondary status as mere tools, and
the history of interactive stabilization is obliterated, so that the machines and materials employed are
positioned as routine and transparent (Lehrer, Schauble, & Petrosino, 2001). Perhaps for this reason,
little is known about youngsters’ capability to engage in formulating the questions and conditions
for research; almost all of the existing research focuses exclusively on what happens afterward, even
though these critical activities are key in shaping the design of research, interpretation of data, and
conclusions that are ultimately drawn.

In contrast, and consistent with our focus on modeling, we expected students to learn to ask ques-
tions, build and revise systems for investigation, invent measures, construct data representations that
would be convincing to other investigators, and decide what conclusions were warranted and how
much trust they should be given. To start the process, Ms. Lucas asked students to decide which sub-
strate materials, plants, and animals should inhabit their jars, with the aim of designing a sustainable,
“healthy” system. Students were required to describe and justify their choices—a design challenge that
subsequently led to extended debates about what it means for a jar to be healthy. By attempting to
harness jar ecologies to inquiry, students encountered the problems of resistance (e.g., many of the jar
systems “crashed” and the organisms died) and accommodation (developing an understanding of the
ecology of the system as a guide to redesigning one’s jar). For example, unanticipated participants, such
as snails (carried by plants), bacteria, and algae affected the stability of the students’ jar systems. These
destabilizing influences provided opportunities to make the functioning of this ecology more visible,
because to stabilize the system, students had to develop and try out models of it. Because students
were designing jars to pursue their own questions, we also anticipated opportunities for transitions in
student identity, here meaning their view of themselves as agents, rather than as recipients of learning,
as well as their views about the nature of science.
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4. Measure and quantification

Modeling natural systems engages students in efforts to describe the qualities of these systems.
An important pathway for describing qualities is inventing measures that capture what is of interest.
Measures and qualities of a system are often co-determined: inventing measures requires taking a
closer look at the qualities being measured, and developing measures makes it possible to specify
relationships among qualities. For example, when a plant grows, children often notice the quality of
height and are surprised to find that its measure is not transparent. Decisions must be made about
what and how to measure, and these decisions, in turn, affect the interpretation of the quality of
height. In this classroom, students often developed measures of qualities of the pond or of their jar
in order to understand how each functioned. For example, to track the growth of elodea, a water
plant, students invented a bushiness index, which quantified the amount of branching, to characterize
change over time. The teacher also provided students with measuring tools, such as sensors to measure
concentrations of dissolved oxygen, ammonium, and pH. Although we were initially uncertain whether
these tools would be within students’ conceptual reach, we found that the children blended these forms
of measure with those that they invented. The result was often a refinement of a question. For example,
a question about the impact of fish and frogs on the system, initially framed as “What are the effects
of fish and frogs?,” was refined and focused to, “Who consumes more dissolved oxygen?”

5. Classroom activity structures

Our emphasis on modeling was intended to ensure that scientific reasoning and scientific knowl-
edge would be addressed in a coordinated way. However, it was clear that shifting what was taught
would be insufficient for supporting developmental change in students unless it were accompanied
by corresponding changes in how science was taught. Hence, the teacher initiated several forms of
activity designed to realize a viable culture of scientific inquiry.

5.1. Developing classroom norms about questions and evidence

Ms. Lucas periodically solicited students’ judgments and justifications about the qualities of “good”
research questions. Criteria for which there was widespread consensus were posted and taken as class-
room standards (Lucas, Broderick, Lehrer, & Bohanan, 2005). Criteria proposed during early classroom
conversations (“Genuine, we don’t already know the answer”; “Doable”) represent the students’ con-
cerns that questioners have some notion of why a question might be fruitful and how one might go
about generating evidence. Criteria added later in the year illustrate students’ growing concern with
collective accountability. Questions were considered fruitful if they served as springboards to inquiry
for others (“People can piggyback on the question, build on previous questions”) and if they resulted
in furthering knowledge within the classroom community (“The answer to the question contributes
toward everyone’s understanding”).

Students’ judgments about qualities of good questions were accompanied by similar considera-
tions about evidence. These were summarized in a class rubric, generated by students, to judge the
soundness of evidence. The rubric suggests that students clearly differentiated between authority and
empirical evidence as sound bases for judgment. Perhaps more interesting is the embedding of evi-
dence within models, indicating sensitivity to the theory-laden nature of evidence (“I only included
evidence that directly related to my question, even if I saw other ‘interesting’ things”).

5.2. Research meetings

The second major form of teacher support for inquiry was a regularly scheduled research meeting.
Research meetings featured reports of on-going progress by teams of students, who presented and
revised their research plans and findings in light of questions and comments from classmates. Pre-
senters also received written feedback from their peers to ensure that feedback came from all, rather
than just from those who made comments during the class presentation. Teams, selected by lottery,
reported each week. These meetings were dominated by student exchanges that often challenged the
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soundness of someone’s research design or the assumptions that underlay a particular approach. For
example, a team of students worried that difficulty in creating a sustainable system was imperiling
some of their fish. As a solution, they proposed transporting the fish to a “hospital” aquarium and, after
recovery, returning them to the jar ecosystem. However, another student pointed out that this plan,
although perhaps necessary for saving the fish, would also invalidate the logic of the original design:

Emily: Well, um, if our fish start to have problems, we could just move them back to this tank=
Daniel: =Yeah=
Emily: =and this tank is just like our storage container for the fish=

Daniel: =Yeah=
Emily: =and bubble that.

Daniel: Or else before we put the animals and the substrate in, we could first bubble it. . . to a pretty
high DO [dissolved oxygen].

Ilya: But isn’t your question how fish and frogs affect the DO?. . . But=
Daniel: =Yeah, but=

Ilya: =just wait. . . If your fish or frogs start dying in the jar, and you take them out and put them
in the middle jar, then you can’t do your question any more, because they’re not in the jars
affecting the DO. They’re in some other jar.

Emily: Well, yes.

The class criteria for questions and evidence were continually referenced, reinforced, and revised
within the research meetings. These activity structures served to encourage the re-inspection and
revision of these ideas about questions and the evidence that bears on them. As a consequence, students
became increasingly aware of, reflective about, and critical of questions and evidence—both their own
and their classmates’.

6. Method

6.1. Participants

Participants were students in this intact sixth-grade class from a public school in the upper Mid-
west, their teacher, and a university entomology student who occasionally worked with the teacher.
The 19 students included 12 boys and 7 girls between the ages of 11 and 12. One student was a recent
immigrant from Liberia, three were from Hispanic backgrounds (recent immigrants from Mexico,
Guatemala), three were Hmong, one was Korean, and the rest were Caucasian. The classroom was
in a school that serves a highly diverse and rapidly changing population and was attended by students
whose parents’ professions ranged from university professor to unemployed and homeless.

6.2. Procedure

All year students worked in teams for an average of 5 h a week to investigate their evolving ques-
tions about the functioning of aquatic systems. The second half of the school year consisted primarily of
work with the jar systems. This work involved managing the infrastructure of the jars (e.g., developing
a sustainable system), designing or appropriating measures (often picked up and used consensually by
others in the class or combined by students into more complex measures), learning to use instrumen-
tation appropriate for the question (e.g., probes of water chemistry), and creating notes or records and
other forms of data display. At weekly research meetings students reported (and sometimes revised)
their questions and conclusions and defended their ideas by appealing to the data they were collect-
ing. Most weeks, three or four teams made a presentation. At the end of the school year (May, 2002)
the researchers conducted individual, semi-structured interviews with all of the students who had
sufficient proficiency in English to make this form of inquiry feasible (n = 16). Each interview was con-
ducted in a room adjacent to the classroom. Students brought one of their investigation jars and their
science notebooks to the interview (available from the authors), which consisted of 25 questions and
took approximately an hour. Each interview was audio taped and transcribed.
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One purpose of these interviews was to probe students’ conceptions of individual and collective
forms of inquiry. Individuals inquire, and ideally inquiry results in the generation of new knowledge
about the natural world. To generate knowledge, individuals must be able to reason about contrasts
that will inform their question, including the logic of the control of variables (where appropriate).
Our emphasis on extended inquiry was atypical of school science, and thus, we aimed to learn about
students’ perceptions of their experiences. Would they identify opportunities for agency, or instead,
simply report being bored with this long-term focus on aquatic systems? Inquiry also presupposes
community. We intended that students would not simply listen to classmates during research meetings
but instead would ask the presenters for evidence supporting their positions and conclusions. Although
we regularly observed students engaged in data-based argument, the interview provided opportunities
to learn how individuals were evaluating these practices. Finally, we wanted to know more about how
students could reason about aquatic systems. What was the scope of their understanding—would it
be narrowly focused on one quality of the system or on more complex relationships, such as webs
of production and consumption? These concepts are known to be difficult to grasp, and people of
all ages tend to over-focus on simple linear causes, rather than the multiple proliferating chains of
causes, often separated in time and space, that are characteristic of ecologies (Hogan & Fisherkeller,
1996).

In summary, the interview addressed the following themes:

(a) Design of inquiry: How did students design to learn? Did they design experiments and understand
the logic of experimentation? What role did they think replication plays in inference?

(b) Measurement: What role did measurement play in student inquiry? Were measures integral to
questions or considered mere adjuncts?

(c) Ecology: How did students conceive of the functioning of the ecological system? Did they define
and differentiate functional relationships or merely list components? What was the scope of their
understanding?

(d) Models: How did students conceive of the jar systems they had designed? Were the systems con-
sidered to be representations of anything else, and if so, what was the basis and nature of the
representation?

(e) Epistemology and the nature of science: How did students characterize their activity? What did they
think of the roles and functions of the activity structure of the research meeting? How did they
evaluate the challenges of extended, self-directed inquiry when contrasted to more packaged forms
of inquiry, like the science kits that comprised their district’s science instruction?

6.3. Analysis

The analysis was guided by the structure of the interview. The first step was to identify two teams of
students, one largely successful at conducting inquiry with the jar-systems, and one that experienced
repeated difficulties in “harnessing” the jars to disciplined inquiry. The teams were identified from our
observations during the previous months. The questions posed by the latter team were consistently
derailed, as they kept importing novel considerations into the design of the jar or, alternatively, because
the jar (which was a living system) changed in ways incompatible with the research questions posed.
For the other team, the jars initially seemed intractable (indeed, the jars “crashed” and all the organisms
within them suddenly died). However, this team later succeeded in getting the jar systems to serve as
an apparatus for inquiry. We conjectured that these differences in harnessing the jars to the question
at hand might lead to different conceptions of the nature of science, and potentially, of the functioning
of ecosystems.

We read the interviews of the team members and attempted to characterize their position with
respect to the five central themes described previously. We focused the initial characterization of these
themes with this select sub-sample of five children. We then applied this emerging analytic frame-
work to another team’s responses (n = 2 individual interviews selected at random from the remaining
protocols). The resulting adjusted analytic scheme guided our interpretation of all the protocols. We
characterized each protocol independently and resolved disagreements consensually.
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7. Results

To illustrate the range of student performance, we first summarize the responses from children
in the teams that were the subject of our initial effort. As mentioned, one team appeared to stabilize
the interaction between inquiry and material, but the other team experienced repeated difficulty in
setting up one or more jar systems that would “speak to” to their intended inquiry.

7.1. Unstabilized inquiry

We begin with the team that had difficulty managing the complexities of the jar systems: Chris,
Daniel, and Emily.

7.1.1. Design of inquiry
These students’ initial question focused on whether fish or frogs consumed more (dissolved) oxygen.

Their design varied one factor, so that one jar contained substrate, an elodea plant, and a frog, and
the other substituted a fish in place of the frog. The substrate was a mixture of sand, gravel, and
soil. The outcome measure employed was a difference in dissolved oxygen between one occasion of
measurement and the next. Multiple occasions were measured. The logic of the control of variables
was clear to all, as Daniel explained. “They are exactly the same. Same substrate. Same elodea.” Despite
the apparent simplicity of the design, the students found that implementing it in their jar system was
far from simple. One problem that arose was the need for what Daniel called a “rejuvenation tank.” The
tank was a jar system housing other plants and animals with a bubbler attached (to ensure an adequate
supply of oxygen). Because the jar systems tended to become infested with algae, the experiment was
confounded, to the point where animals would occasionally need some time in the “rejuvenation
tank” to recover from the rigors of experiment. All three students agreed with the class that this made
their conclusions problematic, as suggested by Ilya in the earlier illustration of the give-and-take of
a research meeting. Emily was also aware that their design, which counted on being able to replicate
the “same” system with one factor changed, rested on some assumptions that might not be warranted.
She noted, “I am assuming that the elodea (in each jar) create oxygen at the same rate. . . .The body
size (of the two different types of animals) might not be equal, too.”

We asked students to consider the merits of maintaining multiple jars in each condition. One of the
three students appeared to grasp the potential merits of this strategy for increasing confidence in the
results, but the others did not. Chris suggested that multiple jars implied multiple measures of change,
which, if averaged, would be more precise than single measures. In contrast, Daniel viewed each jar as
an opportunity to “find something slightly different. . .then you could research that and get into more
questions and get deeper with your research.” Emily viewed the enlargement of the sample as yielding
no new information because “we stated that the jars would be exactly the same,” so in her view, one
would expect literal replication. She clearly believed that, having observed one jar, there would be no
need to consider its replication.

7.1.2. Measurement
Reasoning about quantities and measures played a role in this team’s formulation of the question.

In the interview, all three students related that they had made a transition from thinking about an
unspecified contrast (“What are the effects of frogs and fish?”) to focusing on comparisons that could
be quantified (differences in dissolved oxygen—“Who consumes more dissolved oxygen?”). Emily and
Daniel also noted the role of additional measures—of pH, of ammonium, etc. Daniel suggested that
these measures were important signals of the health of the jar system and had to be closely moni-
tored. Emily thought of these additional measures as important because they might have an effect on
dissolved oxygen apart from the activity of the animals in the jars. Chris made no mention of these
additional measures or of their role.

7.1.3. Ecology
All three students made distinctions among ecological roles (e.g., producers and consumers) and

talked about functions of each element of their jar system. Daniel specified seven functional relation-
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ships, and Chris and Emily each specified six. For example, they pointed out that elodea produced
oxygen, fish consumed it, and much to their chagrin, so did algae (and bacteria) in bloom. Chris
went on to cite a web of production and consumption: soil (nutrients) → plants (oxygenators) → fish
(ammonia) → plants. Emily’s functional relationships included some of the invisible population of the
jar. She related how she had collected samples from “nasty” and “clear” jars and smeared the samples
on Petri dishes filled with agar. She noted that the plate from the former jar was covered with bacteria
colonies, but there were also a significant number of colonies from the clearer jar, a fact that altered her
view of jars as hosts. She gleefully added that the water from the classroom tap also had its fair share of
bacteria.

7.1.4. Models
All three students reported that their jars were fair models of backyard ponds. Their reasoning

appeared to be based on physical resemblance; they appealed to similarities in the kinds of plants and
animals in jars and ponds and also mentioned similarities in comparative size (backyard ponds and jars
were both considered small, compared to the retention ponds). As Emily stated about her jar, “It is like
a miniature pond.” When probed about the components of ponds that were not present in jars, neither
Emily nor Chris thought that these missing parts entailed any consequence for their ability to make
inferences about ponds from models. It seemed obvious to them that jars were easier to manipulate
than ponds. Daniel, however, thought there might be problems if the jars were constructed in a way
that omitted “major factors,” like a type of life form that might prove important to the functioning of
the system.

7.1.5. Nature of science
We asked the students how they resolved disagreements among team members. Their responses

accorded with our observations. Daniel recalled that disagreements were rare and were resolved by
compromising. For instance, when the team disagreed about the nature and proportion of constituents
of the substrate, its composition was settled by compromise. Everyone had a portion of his or her notion
represented. In fact, this compromise contributed to algal blooms that interfered with the pursuit of
the question they had generated.

The students found the research meetings invaluable in thinking about how to employ the jar
systems as models. Every student mentioned using ideas that they heard from classmates during the
meetings and trying them out in an effort to stabilize their jars or to rethink ideas, such as “effect.” For
example, Daniel noted how another group’s presentation led his team to reformulate its experiment:

Lots of people were talking about, like how algae could affect the DO [dissolved oxygen] or how we
have seen other jars in the past that had crashed because the DO went dark because they all had
algae. And ours were starting to grow algae. So we took out the water. And now we took out the
algae. And we are letting the jars dry now. And we are going to put in more water, I guess. Try our
experiments over.

We asked students what they valued about the classroom practice of science. All three students
mentioned freedom to pose “your own questions” and “to do research on our own.” When children
contrasted these classroom practices to their previous experience with science kits (worded to high-
light the focus in kit-science on hands-on access to what was important to know and learn), we were
surprised by students’ clear opposition to this form of instruction. Daniel mentioned the importance
of the effort involved in developing a question: “Well, we took quite a bit of time on what made a
good question. And then we would learn, then, how to ask better questions.” Chris mentioned that
designing the jars provided more flexibility for investigating different questions. Emily was perhaps
most passionate about self-directed inquiry. First, she noted that if students were to follow questions in
settings designed by others, “Well, you, they have already figured it out. There is no point in doing the
experiment. With, well, with this, you are actually discovering things. What you are doing is original.”
She went on, “Well, with the kits, you are just there to learn. This does this. I mean, the teacher might
as well have told you what it does and why.” Like the other members of her team, she looked forward
to participating in this form of science again, if given the opportunity.
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I: Do you see yourself doing things like this again in the future?
Emily: Yah. I hope so. Because it is really fun. It is, like, it is the most fun science thing I have done.
I mean, most of my other teachers either didn’t do science or just told you what this is, what it is
supposed to do, so.

Finally, all three students had ideas about how they might change their jar design in light of what
they had learned from their experience and what they had heard and seen in the research meetings.
All suggested changes in the composition of the substrate.

7.2. Stabilized inquiry

Like Emily, Chris, and Daniel, the team of Ilya and Alex also experienced considerable difficulty in
getting the jar system to serve as a site for inquiry. Their first attempts resulted in “smelly” jars, but
they worked to resolve these difficulties and largely succeeded in stabilizing the jar system to support
inquiry.

7.2.1. Design of inquiry
Ilya and Alex investigated the effects of pH on plant growth. Their question originated in a failure

to sustain plant growth in their first design. As Ilya noted, “The original one crashed and all it is yellow
water and a layer of black detritus. Everything died.” To investigate the effects of pH on plant growth
the partners set up a three-jar experiment featuring a sand substrate and a single strand of elodea (an
aquatic plant). They varied pH by titration, maintaining levels of 5, 7, and 9. The students were careful
to measure the length of the elodea so that the lengths were initially within .5 cm. They monitored pH
levels carefully to see whether or not they could predict variation in each jar and thus apply a standard
procedure. This did not work, so they relied on what Ilya called “guess and check” (titration). The logic
of control of variables was clear to both. Alex mentioned, “We can pretty much be sure that pH is
affecting it because the only, there is nothing different between the three jars except pH.” However,
they acknowledged that achieving this desired control was not trivial. Ilya and Alex noted that the
sand-only substrate was chosen to lessen the contribution of soil nutrients to potential eutrophication
of the jars (algal bloom). Alex noted that the choice of plant was also motivated by the design of the
experiment:

And we used elodea as opposed to anything else because you can see elodea growth real easily.
Like, hornwort have all those little things that you might have, in so many branches, and all fuzzy, and
elodea is just one strand and grows buds quite a bit, and they are easily noticeable because there is not
much of anything else on it.

Both students suggested that multiple replications in each condition would increase the precision of
measure (e.g., of dissolved oxygen), because they expected replication variation within each condition
of pH. Ilya attributed this to “human error,” which would mean that each jar would have to be “a little
different,” and thus, variation was inevitable. Alex attributed the variation to nature; each plant, for
instance, was “a little different.” Both students also explained how multiple replications increased the
trustworthiness of results. Alex referred to this as “give you more backup” and Ilya suggested that
because the plants would “grow alike but not exactly alike,” then, (for example) if a measurement
were between 16 and 17 ten times, “That is a lot more convincing than just like they grew 17 (once).”

7.2.2. Measurement
Reasoning about quantities and measures played a central role in the conduct of inquiry. To figure

out why their original design was resulting in algal bloom and death of the plants and animals, Ilya
and Alex began to measure dissolved oxygen, nitrite, and ammonia. They noticed that lower pH was
associated with higher dissolved oxygen and higher pH with higher levels of nitrogen compounds. Alex
and Ilya pointed out that to measure growth during their experiment, they needed to expand their
notion of growth. From an initial definition of growth as change in length of elodea, they developed
measures of “bushiness” (measured via a 3-point scale), number of “buds” (which Ilya characterized
as a measure of reproduction), length of buds, and (number of) roots. Alex also noted the importance
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of monitoring of the environment, which included the on-going measures of water chemistry as well
as the amount of detritus in the jar.

7.2.3. Ecology
The students made distinctions among ecological roles of producers and consumers and specified

between 7 (Ilya) and 10 (Alex) functional relationships. Both firmly represented detritus as instigating
algal bloom, which, in turn, resulted in marked decreases in dissolved oxygen and in the resulting death
of fish. Alex described how a cycle of soil nutrients and sunlight contributed to the ability of plants
to make their own food, which they consumed to support their growth, which in turn provided the
dissolved oxygen to sustain life. In his view, pH, although a measure of acidity or alkalinity of a solution,
acted as a nutrient at certain levels because it seemed to stimulate plant growth. He interpreted the
data obtained from their on-going experiment as evidence that higher pH would inhibit plant growth.
He was uncertain how pH generated this effect, saying, “The pH (of 9) must have some sort of chemical
that is more abundant than in like 7 and 5 that is slowing its growth, or it just doesn’t have enough of
that certain chemical.”

Ilya’s reasoning about the ecology of the jar also elucidated potential mechanisms and functional
relationships. He noted covariation between dissolved oxygen and ammonium and nitrate increases,
and, as mentioned, he also associated algal bloom with decreased dissolved oxygen. In Ilya’s view, the
problem of algal bloom began with release into the jar system of “. . .more nutrients than the clients
could take. So, the nutrients got used up by the algae, which eventually took over because there was so
much, too many nutrients.” However, Ilya also conjectured a competition between algae and bacteria
for nutrients, which the algae won. His view of competition was like that of a sports contest: “. . .the
algae might have started trying to get more nutrients so the bacteria couldn’t get any.” He also had a
more (biologically) conventional view of competition, wherein algae “. . .eventually, it just took over
everything. And it took so many nutrients that there weren’t any left for the plants. So the plants
died. . .but we had a half-inch [gesture] of algae.”

7.2.4. Models
Ilya appeared to have a functional view of the relationship between the jar system and the retention

pond. In his view jars yielded “better information” because they could be readily manipulated, but he
nonetheless regarded them as models of the retention ponds. For example, elodea stood in for plant
growth in general, despite differences in species of plants between the ponds and the jars: “Because
we are looking at elodea growth, but maybe instead of elodea, . . .it could be hornwort growth. It is
still growth.” However, Ilya said he “just hated” the interviewer’s question about models because he
perceived a trade-off: “Because the more we made it look like a pond, the more it would affect our
question.” He seemed genuinely puzzled and concluded: “I want to think about that a little more. . .I
thought about that [jar as model] a lot.”

In contrast, Alex flatly rejected the jar as a model, citing the lack of resemblance (“. . .because in the
real pond you have all of these other things going around”), which made inference problematic. The
jar was “. . .more of an experiment. I don’t know what I would call it. . .I wouldn’t really call it a pond.”
Upon further reflection, he conceded that perhaps jars could be set up to resemble ponds sufficiently,
but not within the range of the values included in his experiment. “You couldn’t go extreme as we
have here, like 5 and 9. Because the fish would already be dead.” Hence, for Alex, jars might model
natural systems, but his experimental system so far exceeded natural boundaries that it endangered
the mapping between model and world.

7.2.5. Nature of science
When we asked students how they resolved disagreements, their views differed. Alex recalled few

disagreements, “. . .like, one or two.” Ilya recalled a series of minor disagreements “. . .over little things
like how to measure something or what kind of graph would be best to show the growth or something.”
Ilya noted that disagreements were decided upon by developing representations of evidence:

Like, we will try the line graph and see if it is understandable. Then, if it is not we will try the bar
graph. And sometimes he is right, sometimes I am right. Sometimes we are both right. Sometimes
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we are both wrong. So we have to choose something entirely different. So, it kind of works out
because we try it.

I: So basically you try to do it by figuring out, like, which one works?
Ilya: Which one is the best for what situation.

I: OK.
Ilya: Because maybe in showing growth you might want a line graph to show how much it grows. But

in showing the levels of like DO and stuff or PH, you might want a bar graph to show what they
are each day.

I: Um hum.
Ilya: So it all kind of depends on what we are doing.

Both members of the team found research meetings helpful for dealing with problems of algal
bloom, a key factor in their eventual control of the system. They also said that sharing their experiences
helped others in similar predicaments. Ilya and Alex recalled particulars of other students’ work that
they found interesting, although these investigations had no obvious relation to their own question.
Their recall was not superficial. Both students related details and made conjectures about causal chains
about other work in the classroom.

When asked about their general impressions of the classroom practices, Alex and Ilya emphasized
choice. Alex added, “You get to do a lot more stuff and you get to see if for yourself. And it is a lot more
believable.” In Ilya’s view, “We get a lot more freedom. . . Ms. Lucas will let us do whatever we want
as long as we give her a reason for it.”

Comparing extended inquiry to kit science, the students once again emphasized the importance of
choice:

We choose how we set up our stuff. We choose what we want to put in there. We choose how
we can interpret our results. We can choose, like, instead of maybe interpreting our results, like,
interpreting, instead of maybe, the teachers make them interpret it instead of that, oh, this is bad.
We can interpret it for ourselves. Is this good? Do we think it is good? Or do we think it is bad? So
we have a lot more choice. (Ilya)

It is more, you can do a lot more with it. You can alter the conditions, getting different results. And
you can share them with your classmates. So you learn a lot more about what happens. But with the
kit, you know, you kind of have, everything is going to happen the same to everybody else pretty
much. . .you don’t learn as much because everybody is going to do the same thing and they are
going to get the same results. They only learn about one question. But with this we have partners
who learn to do the same question and all of them have different ones and we will be sharing all
of the different questions. So we will all learn from a different question, as opposed to a kit, which
you only learn the answer to one question. (Alex)

For Ilya, the work with aquatic systems set the stage for new ways of thinking about other activities
in the classroom and it also connected back to previous experiences in the elementary grades. He even
showed us a sketch of a crayfish that he had drawn during a visit to a pond in the fourth grade. For Ilya,
the difference between grades was in “the depth” of investigation, but nonetheless, he viewed both
experiences as being of similar kinds—that is, scientific experiences.

7.3. General themes

The range and forms of reasoning illuminated by these two teams of students were observed from
other students in the class as well. In this section, we present findings for the entire sample.

7.3.1. Design of inquiry
The predominant mode of inquiry was (valid) experiment (81%). Valid experiments were those that

instantiated control of variables, which we determined by examining how the experiment was realized
in practice (e.g., did it appear to control extraneous variables in light of a particular question?) and by
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additional probes of the logic of a particular experiment. For example, Taylor captured a typical elab-
oration on the design of a valid experiment: “If you have one difference between the two (otherwise
identically composed) jars, then you can see what it is doing to it.” The remaining students employed
a comparative design, but these designs often originated in experiments that failed to meet conditions
for control. For example, Jero’s comparative design to examine the effects of snails on water chemistry
ranged across all the jar systems in the classroom, but Jero’s initial design contrasted identically com-
posed jars with and without snails. However, he noted that algal growth undermined control, “because
it (algal growth and decay) is affecting the water chemistry a lot.” Comparative studies were judged
as valid when the contrasts could ideally inform the question posed. For example, another pair of stu-
dents studied algal growth and employed the jars of classmates for comparative study of conditions
for growth, as these related to different types of algae. These students became the algae experts for
the class. By these criteria (valid experimental design or valid comparative design), we judged that no
student failed to appreciate the logic of control of variables.

About half of the students perceived replicating the jars as increasing one’s confidence in the results.
One student noted that convergence of other people’s beliefs about one’s findings would be equally
important. However, the other half of the students either saw no benefit to replication or noted that
replication would be a good opportunity to introduce (and account for) new variation. This notion was
consistent with most of these students’ efforts to create sustainable systems, so the idea of replication
in this system may well have seemed implausible.

7.3.2. Measurement
All but one student coordinated measure with question. For example, if water chemistries were

measured, they played a role in generating an answer to the question at hand. Typically, measurement
played a role in refining the initial question. Often a question about a general effect was supplanted by
a question about changes in measures, as we illustrated previously with the first team of students. A
majority of the students (56%) invented new measures and procedures to help answer their questions,
as exemplified by the second team of students.

7.3.3. Ecology
All students differentiated between consumers and producers. The number of functional relation-

ships cited ranged from 3 to 16. Many of these took the form of longer chains of inference (produced
by 69% of the students). For example, an increase in detritus provides nutrients for algal growth that,
in turn, leads to decreases in dissolved oxygen. Of these chains of inference, 64% took the form of a
mutualistic cycle, explicitly marking how producers enabled conditions for consumers, which, in turn,
further enabled conditions for producers. For example, plants produced (net) oxygen, which animals
consumed, and the animals’ waste products were consumed by plants.

7.3.4. Models
We first focused on how students thought about jars as models. Half (50%) thought of their jar

systems as replicas or scale models of aquatic systems. They cited literal similarity as the primary
means of establishing model-world correspondence. The other half (50%) of the students thought of
the jar systems as functional analogs. For example, Ryan explicitly contrasted models of the first type
with functional models: “It (the jar system) is a model. It is not a scale model.” When the interviewer
asked what kind of model it was, Ryan replied: “It is used to represent a pond. . .(Interviewer prompt.)
Pretty much its life. And how does it function.” Ryan went on to draw similarity between the functional
cycles in his jar and in ponds.

We next asked about the validity of making inferences about ponds (or whatever the student
thought a jar system might model) based on studies of jar systems. Seventy-five percent of the students
who thought that jar-systems were functional analogs believed that inference might be problematic.
They often cited potential moderator variables (e.g., effects of other plant species or animals on the
life of daphnia). Some brought up characteristics of the jar system itself. For example, Ryan suggested:
“First of all, a pond is much bigger. So little things (like a fish dying) wouldn’t affect it as much.” (Ponds
are, in fact, more highly buffered systems.) Seventy-five percent of the students who reasoned about
jar systems as scale models also believed that inference about ponds might be problematic. However,
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they most often mentioned the lack of literal overlap between the jar systems and natural systems as
cause for concern.

7.3.5. Nature of science
We examined students’ spontaneous descriptions of science in the classroom, their impressions of

research meetings, and their response to a contrast between extended inquiry and more constrained
kit-based science. We found near unanimity across the class. First, students’ descriptions of the every-
day conduct of science in the classroom strongly conveyed themes of agency and personal identity.
For example, Jose contrasted classrooms where teachers have the answers (and corresponding power
over inquiry) with this class:

Well, I think, it is, I guess, I think it is kind of cool that she [the teacher] is doing this for like, she
hasn’t had, she has had more experience with this than us. But I think this year has really been good
for us because we have had many more animals than she has ever had. And I think that like, I know
I have felt this way before. But I think kids sometimes feel intimidated by the teachers because
they know a lot more about this stuff. About how to do things. And like we are trying stuff and
the teacher has the answer but they need us to figure it out. I think it is kind of frustrating. But I
think it is also, it is nice when you are kind of learning it with the teacher. You feel sort of more
on the same level and you feel if you tell them something that they are not just already going to
know it.

I: Um hum.
Jose: And you can learn something more than them. And I think that is a nice feeling.

Second, all students endorsed the learning opportunities of research meetings, either for helping them
answer their question or for extending their knowledge (most often, both). Students typically men-
tioned the importance of evidence. Jose illustrates interplay between collective accountability and
personal agency when he describes research meetings. He mentions how research meetings stretch
his sense of inquiry:

Jose: I think, I know, it is kind of hard to relate all of the questions because we all have really different
ideas of questions. But I think it sort of stretches our sense of how to ask questions and how to
answer questions that we haven’t thought of.

I: And how does it do that?
J: Well, like, after we give our report we always have to answer questions that other groups ask.
I: Um hum.
J: And I think that helps us stretch our knowledge of our jars. I mean, when answering questions,

I have answered a couple of questions and they have just made me think of my jar in a differ-
ent way. It made me realize something. Something that I have been having trouble with just
answering my question, gives me the answer, so easily I don’t even remember why I had trouble
with it.

Jose went on to mention that the activity structure of research meetings had unanticipated
benefits:

And I think the research meetings are also nice because not many classes do anything like
research meetings and that really has helped, like I said, it answers questions for me. It gets,
it makes us better presenters. It shows us how to make outlines. And follow those outlines.
And it just, it sort of gets rid of any extra stage fright you might have. So, yeah. I mean, after
doing these research meetings, I, if you know a lot about your job you can talk about it. Then
you don’t feel scared, you don’t feel nervous; you just feel like this is really nothing. It is
just like writing an essay or typing on the computer. except that your hands don’t feel numb
afterwards.
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All but one student indicated a preference for extended inquiry over kit science. Students typi-
cally cited the challenges and opportunities of developing a researchable question, along with means
and methods that would create evidence about the question. They characteristically rejected the con-
straints inherent in kits, at least as they understood them from existing practices in their school. Jose
believed that kits were for kids and that extended inquiry signaled his participation in a more adult-like
world:

Jose: I think once we get into sixth, and possibly fifth grade, that it is sort of better for us to do things
our own way, find our own strategies of doing things rather than having to walk us through it. I
mean, in cartoons you always see that people making the little, like the little model volcanoes,
or the little tornadoes in a bottle and those are great. But they are step by step. Something you
have to do with the group, one step at a time, even though you know you can do it, like 50 times
faster than anyone else.

I: Um hum.
Jose: But the jar is really, they give you a sense of independence but they also help you do teamwork,

not only with your partner but with other people, because you look for the same question and
you help each other find different things.

I: Um hum.
Jose: And I also think it is nice because usually in those kit things, you don’t work with live animals.

And I know that working with live animals is a lot better than just looking at them in the picture
or watching them through glass. You get a sense of with, like, the kit, with the step-by-step things,
you kind of, you don’t really have a challenge because it is already put out for you. You already
know what is coming next.

8. Discussion

Inquiry is prominently mentioned in accounts of scientific practice, but little is actually known
about how it develops—partly because it is rarely studied in contexts that are explicitly designed to
support its growth. The psychological research has produced rather pessimistic conclusions, namely,
that preadolescents tend to show characteristic difficulties in coordinating theory and evidence (Kuhn,
1989), exhaustively analyzing evidence rather than relying on selected portions of evidence (Dunbar
& Klahr, 1989), seeking evidence that might disconfirm favored theories (Schauble, 1996), and under-
standing the logic of experimental design (Kuhn, Garcia-Mila, Zohar, & Anderson, 1995; Tschirgi, 1980).
It is admittedly an enduring pedagogical challenge to provide students with opportunities to develop
and sustain inquiry. There are some essential steps toward creating such pedagogy. These include
selecting phenomena for investigation that permit ready accessibility to initial inquiry, yet have suffi-
cient complexity to sustain that inquiry, given students’ skills and resources. Opportunities for students
to struggle with arranging material means to serve purposes of inquiry also figure prominently in our
efforts to sustain a pedagogy of inquiry. We observed the sixth graders working over a year to sur-
mount both the conceptual and physical/logistical challenges of arranging the world in ways that
permit study. Rarely, however, does this aspect of inquiry figure into either developmental accounts
or school instruction.

Yet these struggles figured prominently in the beliefs that students developed about the nature of
science and of the role of inquiry. By attempting to design sustainable aquatic ecologies and to harness
the jar systems to pursue questions, students encountered frequent problems of resistance, framed
as “challenge” in the interview results. Challenges were sites of learning, and students reported that
their efforts to resolve these challenges enhanced their sense of personal agency. Even when students
were relatively unsuccessful in taming the jars, they nonetheless were clear that they would not trade
this kind of struggle for clearer outcomes featured in kit science. Efforts to stabilize the behavior of
the jars were forums for learning about the relations that define any ecology. Students’ conceptions
of these relations had a broader scope than we originally anticipated, perhaps because their learning
was not confined to any single jar-system. Research meetings and just looking around the classroom at
the collection of jars provided opportunities to learn about the dilemmas posed by other jars, as well
as the potential answers that they might afford. Observation seeded new research questions involving
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comparative study across the collection (e.g., “What conditions foster explosions in the growth of
populations of snails?”).

The structure of the research group was a major contributor to students’ perception of the collective
nature of inquiry. Without exception, every student recalled at least one episode in which the class
interaction led to a modification in either the design of an investigation or in the nature of a question
posed, or both. Hence, students’ epistemologies were rooted in practice, not in more general con-
ceptions about the scientific enterprise (Sandoval, 2005). Although the development of the control of
variables strategy and related elements of design have been considered challenging for preadolescents,
all students appeared to grasp this logic, perhaps because if any team failed to understand its implica-
tions, other groups were ready to step in, sometimes very firmly! What students found more difficult
was how to identify and define the variables to be controlled and those to be subjected to manipu-
lation. In this regard measurement played a vital role: Defining variables and deciding on measures
were co-determined. For example, the variable of “growth” in an aquatic environment demands sys-
tems of measure that are not as readily grasped as, for example, are measures of plant height on land.
Hence, the invention of the “bushiness index” to measure the growth of elodea, the “toothpick test”
for the density of algae, and the “daphnia density window” as a measure of the concentration of water
crustaceans in a jar.

In the research group, the teacher was not the featured source of authority. This appeared to con-
tribute to students’ attributions of agency and research intention to themselves, rather than to experts.
This does not mean that students did not acknowledge the importance of authorities, such as adult
participants and texts. Students appeared to create a hybrid, and, we believe, more realistic concep-
tion of the nature of science, in which collective practice and authority are intertwined with individual
agency. These views of science are notable given the frequent claims in the literature that students and
even teachers tend to hold absolutist views of scientific knowledge, which is regarded as unchange-
able, and unproblematic (Carey, Evans, Honda, Jay, & Unger, 1989; Driver, Leach, Millar, & Scott, 1995;
Lederman, 1992).

This is not to say that all elements of the instruction worked as we had anticipated. Perhaps
most disappointing was students’ perceptions of the jar systems they had designed as models of
ecology. Only half of the students thought that the jars should be considered as models of the reten-
tion ponds that they had studied. In this half, we include students who had good reason to doubt
that the jar was a good model. (Recall, for example, the student who mentioned that ponds were
more highly buffered systems than jars and so doubted that the jar was a good representative of
the pond.) However, half of the students were captivated by the functioning of the jar system as an
ecology but were convinced that because it did not look like a pond, none of the lessons learned
with it could serve as a source of inspiration for further study of the ponds. We did not make these
connections explicit in our pedagogy, because we believed that they would occur spontaneously
to students. This was a failure of the instructional design, and in a design cycle, this kind of fail-
ure is an important lesson learned for future iterations. The struggles that students encounter in
mastering modeling approaches to science are well documented in our own research and that of
others (Grosslight et al., 1991; Lehrer & Schauble, 2002; Penner et al., 1997). In particular, novices
of all ages must cope with the difficulties inherent in deciding which objects and relations are rel-
evant and should be featured in a model and which do not appropriately map to the situation of
interest.

Nonetheless, we believe that this kind of instruction-assisted development provides some insight
about aspects of scientific reasoning that are typically understudied. These include development
of students’ understanding of criteria for good scientific questions and trustworthy evidence. Also
included is a sense of students’ ability to tussle with, and learn from, repeated attempts to achieve
a “mechanic grip” on the world as a precursor to studying it. This is a more important compo-
nent of science than is usually acknowledged, one that consumes considerable expense, time, and
thought in the scientific enterprise. Science depends on the development of material means, and
the design of new tools, machines, and scientific set-ups are often the impetus for scientific rev-
olution. Yet the process of making and mastering “stuff” for investigation is largely neglected in
research studies (and also typically omitted from school instruction). Developing models, experi-
mental apparatus, and other material means for investigation almost always provokes rethinking
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the nature of one’s question, including how to define and measure the variables that make pur-
suit of the question feasible. These features of scientific reasoning are likely to develop only in
communities—like classrooms—where they are assisted and encouraged. In our view, this is one exam-
ple, among many, that illustrates the promise of investigating development in contexts designed to
sustain it.
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