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ARTICLE

ABSTRACT
Writing a lab report can be an opportunity for students to engage in scientific thinking. 
Yet students’ lab reports often do not exhibit evidence of such engagement. Students’ 
writing can appear focused on “filling in” required components and reporting on prede-
termined conclusions. We conducted a design experiment in an introductory biology lab-
oratory course and examined the impact on students’ engagement in argumentation in 
lab reports. Over two design iterations, students’ arguments more often considered and 
integrated multiple claims, included a broader range of evidence and ideas, and gave ap-
propriate attention to uncertainty in conclusions. We argue that two interrelated changes 
to the design of the lab course made these shifts possible. First, we restructured the role 
of instructors to position them as an audience interested in students’ thinking. Second, 
we introduced more uncertainty into the lab activities to provoke consideration of multi-
ple interpretations. We propose that these changes created a different rhetorical context 
that helped motivate and shape students’ engagement in argumentation. More broadly, 
we suggest that an important alternative to explicitly scaffolding knowledge and skills is to 
design learning environments that can inspire students to engage in a range of scientific 
practices more authentically.

INTRODUCTION
Writing is a process of scientific thinking, not just a means of recording scientific find-
ings. Its capacity to engage creative and critical thought is one of the main reasons 
scientific writing has been promoted as a central activity across the science curriculum 
(Quitadamo and Kurtz, 2007; Libarkin and Ording, 2012; Walker and Sampson, 
2013). In the undergraduate curriculum, one of the most common forms of writing is 
the lab report. Research on lab report writing has revealed what many instructors 
recognize from experience—lab reports often fail to elicit students’ scientific thinking 
(e.g., Moskovitz and Kellogg, 2011). Instead, lab report assignments can promote 
writing that contains formulaic arguments that report on predetermined conclusions 
(Keys, 1999; Xu and Talanquer, 2013) and includes evidence without reasoning or 
justification (Kelly and Bazerman, 2003; Schen, 2017).

We report on a research study in an introductory-level biology laboratory course 
born out of observations of writing assignments not living up to their potential to 
elicit scientific thinking. We observed, for example, that many students’ lab reports 
were organized around demonstrating a fact or principle from the lab manual, 
even when those principles could not be plausibly demonstrated by the data. Stu-
dents appeared to be organizing their reports around the conclusions they 
expected. In addition, reports included analyses of sources of error, but rarely did 
such analyses function to alter the certainty of conclusions. These observations 
suggested that, rather than authentically engaging in scientific argumentation, 
students may have been more focused on meeting perceived expectations of lab 
report writing. In the science education literature, this phenomenon has been 
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referred to as “pseudoargumentation” to emphasize that, 
while students’ writing or speech may contain features of for-
mal scientific arguments, those features are not serving an 
authentic rhetorical function (Kelly et al., 2010; Berland and 
Hammer, 2012; Manz, 2015a).

Pseudoargumentation limits opportunities for students to 
engage in critical or creative thought during the process of writ-
ing. Interpreting data through the lens of expected claims from 
a lab manual, students have no good reason to consider and 
compare alternative interpretations of their data (Jiménez-Aleix-
andre et al., 2000; Manz et al., 2020). When engaged in pseu-
doargumentation, students may present claims with a high 
degree of certainty, explaining away deviations from expecta-
tions through acknowledgments of “error.” These errors are pre-
sented as evidence of mistakes in technique rather than a rea-
son to consider adjusting claims (Holmes and Bonn, 2014; Lee 
et al., 2014; Stein et al., 2018). Such moves undermine critical 
considerations of the nature and limits of scientific knowledge. 
Finally, while pseudoargumentation may allow students to 
learn to reproduce argumentative forms such as claim state-
ments or evaluations of sources of error, students do not gain 
practice deciding how and when to use rhetorical elements to 
build better arguments (Ford, 2012; Manz, 2015a).

In this paper, we describe a design experiment (Cobb et al., 
2003) aimed at shifting students’ engagement in argumentation 
in lab reports. The main purpose of design experiments, and 
design-based research more broadly, is to generate and refine 
theories about how designed features of learning environments 
support learning outcomes (Cobb et al., 2003; Sandoval, 2014). 
In this work, we examined the links between the designed fea-
tures of an introductory biology laboratory course and how stu-
dents engaged in argumentation in their lab reports. 

Our approach to design was informed by research in K–12 
science education, showing that explicit instruction and highly 
structured scaffolding can reinforce rote engagement in scien-
tific practices (Jiménez-Aleixandre et al., 2000; Ford, 2005; Ber-
land and Hammer, 2012; Russ and Berland, 2019). As Manz 
(2015a) argues in her review of argumentation in science edu-
cation, approaches that aim to teach students how to properly 
structure an argument can inadvertently lead to pseudoargu-
mentation, as students focus on following directions and antic-
ipating the teachers’ desired conclusions instead of trying to 
express their thinking. This can occur because the learning 
environment influences students’ understandings, or framings, 
of what kind of behavior is valued or appropriate (Jiménez-Aleix-
andre et al., 2000; Hammer et al., 2005; Scherr and Hammer, 
2009; Berland and Hammer, 2012; Petritis et al., 2021). A focus 
on formal rules makes it more likely that students frame their 
role as complying with these rules. Thus, in our design, we did 
not provide direct, explicit support for the kind of behavior we 
wanted but rather attempted to change the learning environ-
ment in ways that would make it more likely that authentic 
forms of argumentation would emerge (see also Zagallo et al., 
2016). In short, we worked to design a learning environment 
that would help students frame writing a lab report as an activ-
ity of expressing their thinking. We refer to the target of our 
design as the rhetorical context of the lab report assignment—
students’ understanding of both why they are writing and to 
whom. We claim that, by designing to shift the rhetorical con-
text, we were able to support students’ engagement in more 

authentic forms of scientific argumentation that include evi-
dence of critical and creative thought.

In the next section, we describe the importance of rhetorical 
context in framing argumentation practices in scientific com-
munities. We then review research that has demonstrated how 
learning environments contribute to science learners’ framings 
of the task of argumentation. After this background, we describe 
our own design experiment and present evidence of shifting 
engagement in argumentation over the two design iterations of 
our study.

The Role of Context in Scientific Argumentation
Scientific articles did not always include arguments. Bazer-
man’s (1988) analysis of early physics journals found that, 
before the 1930s, the majority of articles simply reported on 
experimental findings. Arguments that included reasoning to 
support data interpretations began appearing in scientific writ-
ing as the community began to change its understanding of the 
scientific enterprise. Physicists began to see the natural world 
not as something to be observed and written down, but as puz-
zling and a “matter of contention” (Bazerman, 1988, p. 78). As 
the community began to grapple with the understanding that 
observations could be interpreted in more than one way, authors 
began including sections devoted to “discussion.” In these sec-
tions, authors attempted to persuade readers of particular inter-
pretations of their data over alternatives.

While Bazerman’s (1988) account is focused on the physics 
community, we take the following general points from his anal-
ysis: 1) argumentation arises in scientific communities in 
response to problems: unexplained phenomena, unsettled 
debates, or unnoticed inconsistencies; and 2) arguments are 
crafted in anticipation of a response from a critical audience of 
peers who will evaluate the quality of the argument according 
to the evolving criteria valued by the community. These features 
of context—the problems and audience—have been recognized 
as motivating and shaping rhetorical products generally across 
many different domains (Bitzer, 1968; Bazerman, 1988, 2018; 
Petraglia, 1995). Scholars of rhetoric have argued that it is not 
just the skills of an author (or orator) that contribute to a rhe-
torical product, but the “situation which invites the orator’s 
application of his method and the creation of discourse” (Bitzer, 
1968, p. 2, emphasis added).

This view aligns with recent understandings of argumenta-
tion as a scientific practice that emerges in response to a felt 
“need” (Berland and Reiser, 2011; Berland and Hammer, 2012; 
Manz, 2015a,b; Chen et al., 2019). Without a context to inspire 
a need to solve a problem or convince an audience, skills and 
knowledge relevant to argumentation can lay dormant. In this 
view, learning to argue like a scientist requires opportunities to 
experience contexts that motivate and shape argumentation. 
Yet many science learning environments lack the features of 
context that are important for stimulating argumentation. This 
has led researchers to propose that perhaps the contexts of 
school argumentation, more so than a lack of student ability, 
can account for the apparent lack of sophistication among nov-
ices (Keys, 1999; O’Neill, 2001; Ford, 2012; Manz, 2015a).

The Role of Context in Framing Student Argumentation
One strand of research on scientific argumentation has focused 
on students’ lack of sophistication: students’ failure to provide 
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sufficient evidence for claims, inadequate explanations, and 
lack of attention to counterarguments or flaws in their argu-
ments (Lawson, 2002; Kuhn and Udell, 2003; Osborne et al., 
2004, 2016). These patterns have been explained in terms of 
novices’ lack of knowledge and skills. Researchers have 
responded by designing and studying interventions to support 
skill development (e.g., Osborne et  al., 2004; Sandoval and 
Millwood, 2005; McNeill et al., 2006). While these efforts have 
produced some evidence of improvement in understanding spe-
cific skills, providing more instruction and support has not often 
resulted in more sophisticated argumentation (Manz, 2015a). 
Students’ arguments include target features, but often still lack 
evidence of purposeful application of strategies or critical 
engagement with the ideas.

For example, Sandoval and Millwood (2005) studied high 
school students’ use of a software tool designed to scaffold 
argumentation by prompting students with text boxes that 
could be used to link evidence to claims. While the tool was 
successful in getting students to use data as evidence, the 
majority of students simply included links to evidence without 
explaining how it supported their claims. The authors suggest 
that this may have been because students did not perceive 
themselves to be arguing to an authentic audience. As the 
authors point out, the whole class, including the teacher, had 
access to the same data set. Therefore, the authors conjecture, 
“It is possible, even likely, that students perceived the persua-
sive goal of their explanations to be to show the teacher that 
they had figured out the right answer” (Sandoval and Mill-
wood, 2005, p. 49). In this context, appending shared evidence 
could be understood as sufficient to satisfy the demands of the 
task. What this and other research has shown is that explicit 
instruction and scaffolding can support rote skill application, 
such as appending evidence, but do not necessarily lead to flex-
ible or purposeful applications, such as deciding which evi-
dence to use and how to use it (Kuhn and Pease, 2008; Ford, 
2012; Manz, 2015a).

Classroom context can influence how students engage in 
scientific practices through an effect on students’ framings of 
tasks and activities (Jiménez-Aleixandre et al., 2000; Berland 
and Hammer, 2012). Framing theory has roots in anthropol-
ogy and socio-linguistics where it has been used to account for 
how people make sense of “what is going on” in a situation 
(Tannen, 1979; Tannen and Wallat, 1987; Goffman, 1986). 
The process of framing is described as an interaction between 
an individual’s prior knowledge and experiences and cues 
from the current context. A classic thought experiment 
describes how framing applies to the situation of entering an 
unfamiliar restaurant (Schank and Abelson, 1977). One might 
notice the physical arrangement of tables; the presence of a 
host; the brightness of the lighting; the volume of conversa-
tions; and other physical, social, and cultural cues. These cues 
are interpreted through one’s prior knowledge and experi-
ences, helping one to decide what kind of place this is and to 
adjust one’s behavior accordingly—seating oneself or waiting 
to be seated, for example. This same process occurs when stu-
dents enter learning spaces: The physical arrangement of the 
space and the social, cultural, and epistemic cues interact 
with students’ prior experiences to form interpretations of 
what is expected and valued. While students are active partic-
ipants in the framing process, the possible framings can be 

heavily constrained by how the learning environment has 
been designed.

Applied to argumentation, framing has been used to explain 
more authentic versus more rote engagement in argumentative 
discourse and writing (Jiménez-Aleixandre et al., 2000; Berland 
and Reiser, 2011; Berland and Hammer, 2012; Petritis et al., 
2021). Jiménez-Aleixandre et al. (2000) proposed that two con-
trasting framings accounted for shifts in high school students’ 
conversations about genetics. In one framing—“doing the les-
son”—students seemed to understand their role as conforming 
to a set of expectations of how to be a “good student.” This 
meant constructing arguments that matched expected content 
(Jiménez-Aleixandre et al., 2000, p. 770), a focus that left little 
room for students to do their own thinking, engage with evi-
dence, or attend to one another’s ideas. Later in the lesson, the 
authors identify a switch in the dialogue indicating that the 
class had constructed a different framing of the conversation, 
more in line with “doing science,” in that students seemed to 
understand their role as legitimately trying to “figure things 
out” for themselves. Students proposed and defended their 
ideas, used analogies to explain their thinking, and evaluated 
one another’s ideas by making appeals to consistency.

The authors explain the shifts in framing in terms of features 
of students’ incoming expectations and aspects of the classroom 
context. “Doing the lesson” seemed to emerge in part due to the 
prevalence of a common set of expectations about how students 
are supposed to behave in school. Students often expect that 
they are meant to comply with instructions and demonstrate 
that they have learned what the teacher intended to teach 
them. The authors suggest that these expectations may have 
been cued up and stabilized by a worksheet that kept students 
focused on filling in answers. “Doing science” emerged when 
legitimate disagreements about alternative explanations for the 
phenomenon arose within and among student groups. Students 
shifted their attention to the disagreement itself, and argumen-
tation began to function to help them to better understand dif-
ferent ideas. Jiménez-Aleixandre et al. (2000) further explain 
that students’ willingness to engage with the disagreements 
was made possible by an existing local classroom culture in 
which students felt comfortable voicing their own ideas and 
questions. These features of context made it possible for stu-
dents to shift into a pattern of arguing together.

Drawing on this and other studies, Manz (2015a) argued 
that authentic argumentation is more likely to emerge when 
students encounter something problematic that cannot be eas-
ily resolved. When there is a problem, argumentation can func-
tion as a tool to help students identify and evaluate different 
ideas. In addition, such conversations require a shared under-
standing of the social context as one in which students can 
freely engage with one another rather than appeal only to the 
teacher. That is, the rhetorical context that can elicit argumen-
tation in classrooms resembles two important features of scien-
tific contexts—the existence of legitimate problems and com-
munication with an authentic audience.

We used these ideas to inform our redesign of an introduc-
tory biology lab course by altering the structure of instruction 
and assessment and by increasing the uncertainty students 
experienced as they analyzed data. We next describe these 
changes in more detail and then explain the methods that we 
used to characterize students’ engagement in argumentation in 
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lab reports to track what, if any, shifts accompanied the course 
redesign.

METHODS
Study Context
The context for this study was a semester-long introductory lab-
oratory course taught at Tufts University, a small, private, 
research-intensive liberal arts university. The course typically 
enrolled about 350–400 students, the majority of whom were 
freshmen and sophomores who had not yet declared a major. 
The course was required for biology majors, but students could 
choose to use Advanced Placement credit to place out of this 
requirement. Students simultaneously enrolled in both the lec-
ture and laboratory components of the course. The laboratory 
component accounted for 25% of students’ final grade, and the 
lab grade was largely determined by lab report scores. Over a 
semester, students attended a series of nine 3-hour lab classes 
led by graduate student teaching assistants (GTAs). GTAs were 
trained by a faculty laboratory coordinator during a 3-hour pre-
paratory session each week. In lab, students worked in groups 
of three or four, but all lab reports were written and graded 
individually.

We compared lab reports written for the first unit of the 
semester over three successive years. The focus of this unit was 
an investigation of two different strains of the bacterium Esche-
richia coli. One strain was a typical laboratory strain, and the 
second strain had a dysfunctional DNA repair system that 
caused it to mutate at a higher rate than the wild-type strain. 
The central phenomenon concerned the relative fitness of these 

two phenotypes (higher and lower rates of mutation). Muta-
tions can damage functional DNA, reducing fitness. However, 
mutations are also a source of variation, enabling populations 
to adapt to novel conditions.

Design Iterations
We analyzed lab reports over a period of 3 years: the original 
lab course before any design intervention (2014) and two iter-
ations of redesign (2015 and 2016). Because this time period 
represented the beginning of a redesign effort, the changes to 
the curriculum and instruction were guided both by design 
aims and practical constraints. In this section, we describe the 
design of the lab over the 3 years that we collected data. While 
we strive to be comprehensive in our documentation of design 
changes, our descriptions were generated through a retrospec-
tive analysis of design choices likely to influence students’ fram-
ing of lab report writing. To generate design descriptions, we 
reviewed curricular and instructional materials, including the 
syllabus, lab manual and in-class handouts, notes and slides 
prepared for GTAs, and grading guidelines and rubrics for lab 
report assignments. In Table 1, we summarize key features of 
the design iterations in terms of 1) how materials communi-
cated the background and purpose of the laboratory unit, 2) the 
activities (experiments and computer simulations), 3) the role 
of instructors, 4) and the purpose and structure of assessments 
(by instructors and peers).

Across the three versions of the unit, students worked with 
the same basic experimental system, comparing survival and 
growth of two strains of E. coli on several types of growth 

TABLE 1.  Summary of laboratory course design from 2014–2016.

Design features 2014 2015 2016

Background and lab 
purpose

Background on E. coli strains
Purpose of lab is to “show that 

mutations can sometimes be 
beneficial”

Background on E. coli strains
Purpose of lab to investigate the question: Is it better to mutate a lot or a 

little (and under what conditions)?

Lab activities: experiment Basic experimental procedure 
including plating on three types 
of media (LB agar, LB + lac, 
MacConkey) shows advantage to 
mutating in novel environments

Plating on LB agar and LB + rif only. Colonies on LB agar are countable 
allowing inferences about fitness in nonselective media

Competition experiment comparing strains plated on LB media supports 
multiple predictions and outcomes

Lab activities: computer 
simulation

None Thirty-minute agent-based simula-
tion activity to explore conditions 
under which virtual strains with 
different mutation rates have 
advantage

One-hour simulation activity allows 
students to run comparisons and 
plots to show mutation frequen-
cies

GTAs emphasize “puzzling” output for 
whole class

Role of instructors Pre-lab quiz
GTA lecture reviewing lab manual
Optional discussion questions

Small-group and whole-class discussions about relative benefits of higher/
lower rate of mutation

Small-group and whole-class discussions of patterns and possible interpreta-
tions

Assessment guidelines Guidelines emphasize following 
directions

Discussion section should include a 
statement of whether data 
conformed to the expected 
hypothesis

Guidelines emphasize students making sense of data
Discussion section should discuss “ideas and evidence”
Optional inclusion of output from simulation

Peer review Draft and exchange methods in class Peer review (introduction, methods, 
results only)

Peer review of discussions emphasiz-
ing looking for consistent 
reasoning
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media. One strain (E938) mutates at a roughly 100-fold higher 
rate than the other (E939). Neither strain was resistant to the 
antibiotic rifampicin (i.e., the strains were both initially rif−) 
and neither could initially digest lactose (i.e., the strains were 
both initially lac−). Before class, the two strains of E. coli were 
incubated overnight from a frozen stock. Students could plate 
the strains on three different media: a nutrient-rich medium 
(LB agar), a nutrient-rich medium with the antibiotic rifampicin 
added (LB + rif), and a nutrient-rich medium with lactose 
added and an indicator dye that turns red when lactose is 
metabolized (LB + lac), also called MacConkey media. After a 
few days, students assessed cell growth by counting colonies 
that were visible on the plates. Colony number was impacted by 
both the concentration of cells plated and the selectivity of the 
media. Typical results are shown in Figure 1. A version of this 
experiment was conducted in all 3 years, though some details 
changed, and some activities were added, as we describe in the 
below sections.

Design of the Original Lab.  The original curriculum had many 
features common among traditional introductory laboratory 
courses. The lab manual presented background information on 
the study system and introduced the purpose of the experi-
ments as follows: “Most mutations are deleterious, but very 
rarely, a mutation can cause an increase in fitness. We can see 
how this takes place by conducting an experiment.” This phras-

ing suggested that the experiments were intended to demon-
strate how mutations can increase fitness. The manual also pro-
vided a description of the experimental procedures and included 
a data sheet into which students could enter their data. Stu-
dents were expected to read the lab manual before arriving in 
the lab, an expectation that was enforced with a quiz adminis-
tered at the start of the lab unit.

Instruction by GTAs was designed primarily to emphasize 
core concepts as well as to guide students through the details 
of implementing experimental procedures. At the beginning of 
class, the GTA presented slides that reviewed the main points 
in the lab manual, including key concepts such as “mutations 
are the ultimate source of genetic variation,” once again 
emphasizing the intended conceptual takeaway of the lab. The 
GTA also presented an overview of the experimental proce-
dures, highlighting important steps, common pitfalls, and 
safety considerations. Students then implemented the basic 
version of the experiment as described earlier, working in 
groups of three or four while the instructor circulated the room 
to answer questions and provide guidance. If students com-
pleted the lab protocol correctly, they typically found results 
showing more antibiotic-resistant and lactose-digesting colo-
nies for the faster-mutating strain (Figure 1).

Instructions for writing the lab report were described in the 
lab manual (see Appendix A in the Supplemental Material), 
beginning with general advice that emphasized following direc-
tions: “To do well, you must follow directions and work ahead 
so that you have time to proof-read your report before handing 
it in to your instructor.” The guidelines further elaborated on 
what should be in each of the lab report sections (i.e., methods, 
results, discussion). Reports were graded using a 20-item rubric 
that specified the breakdown of point values for each section of 
the lab report. An analysis of slides created for GTAs indicated 
that the GTAs highlighted key aspects of the rubric in presenting 
the lab report assignment. Specifically, the slides outlined that 
the discussion section should include “a one-sentence summary 
of what you found; a statement of how your results conform to 
your hypothesis; if your results are unexpected, offer some 
explanations; and suggestions for future experiments that 
should be conducted.”

In addition, at the end of the unit, students were prompted 
to draft a methods section and were given class-time to 
exchange the draft with a peer for review.

First Design Iteration.  In the first redesign of this unit, we 
changed the lab manual so that it provided background infor-
mation on the E. coli strains (e.g., genotypes of two strains and 
a description of the DNA repair system and the mutation that 
caused dysfunction in DNA repair), but we removed references 
to expected interpretations. Instead, the pre-lab readings intro-
duced the phenomenon that mutation rate is a variable trait in 
natural populations and proposed as a guiding question for the 
unit: “Is it better to mutate a lot or a little (and under what 
conditions)?”

Another major change in this iteration was to restructure the 
role of the GTA instructors (Table 1). In place of an introductory 
lecture, GTAs led a series of discussions intended to provoke 
ideas about why mutation rates might vary across and within 
species. For example, one question asked students to predict 
whether E. coli, Arabidopsis thaliana, or Homo sapiens would be 

FIGURE 1.  Typical experimental results from 2014. On nutri-
ent-rich LB agar, both strains grow many colonies. In this example, 
the colonies have fused into a lawn due to a high concentration of 
cells plated initially. On LB + rif media, more colonies of the 
fast-mutating strain will survive, indicating a larger proportion of 
cells that have an antibiotic resistance mutation. On the LB + lac 
plates, overall numbers of colonies are similar on average, but the 
fast-mutating strain has more colonies that are red, indicating that 
these colonies have a mutation allowing them to digest lactose.
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expected to have a higher mutation rate and why. Then groups 
discussed data that suggested, contrary to most students’ expec-
tations, that E. coli have a relatively low per base pair rate of 
mutation (from Lynch, 2010). In these discussions, students 
raised many different possible explanations and questions 
about what factors and mechanisms could account for variable 
rates of mutation within and across species (e.g., genome size, 
ploidy, generation time, stability of environment, cost of DNA 
repair).

Additional discussion took place before beginning the exper-
imental protocol. Students were asked to predict what they 
might see on each experimental plate (nutrient-rich LB vs. LB 
with antibiotic added). GTAs were instructed to ask students to 
explain the reasoning behind their predictions. Students often 
predicted that there would be more colonies of the fast-mutat-
ing strain on the antibiotic plates due to mutations that con-
ferred resistance, but students were less sure what to expect on 
the nonselective LB plate. After the whole-class discussion of 
predictions, student groups conducted the same basic experi-
mental procedure as in the original lab. The following week, 
students analyzed their plates, and GTAs again led a discussion 
about what the results might mean.

Guidance for how to lead lab discussions was embedded in 
the 3-hour laboratory prep session. The lab coordinator (J.G.) 
explained that the purpose of these discussions was to get stu-
dents thinking rather than to come to a correct or complete 
explanation. In lab prep sessions, the coordinator modeled dis-
cussions by asking for GTAs to share ideas and respond not with 
evaluation or correction, but rather with requests for elabora-
tion (e.g., “In what way are you thinking a large genome size 
could affect mutation rate?”). While we do not have direct evi-
dence of how individual GTAs implemented these discussions, 
we have indirect evidence of their attempts from the debriefing 
discussions. During these discussions, GTAs described the ideas, 
some expected and some unexpected, raised by students in 
their lab sections.

While the experiment was essentially the same as in the 
original lab, we did introduce a new activity designed to com-
plicate the experimental results: an agent-based computer sim-
ulation that allowed students to grow virtual strains of bacteria 
with different mutation rates. On the simulation interface, stu-
dents could change the relative proportions of mutation effects 
(lethal, neutral, antibiotic resistance) and monitor the relative 
population sizes of faster- and slower-mutating strains over 
time (Figure 2). Students could also change the environment by 
adding or removing antibiotics. The activity, which lasted about 
30 minutes at the end of the unit, asked lab groups to find con-
ditions that favored the faster-mutating strain, conditions that 
favored the slower-mutating strain, as well as conditions in 
which the two strains could coexist.

A key feature of the simulation was that it made it possible 
for students to observe multiple possible outcomes, including 
some that students found surprising. In line with students’ 
expectations, the strain with the higher rate of mutation could 
gain resistance mutations in an antibiotic environment and 
increase in frequency. Without antibiotics, the slower-mutating 
strain would quickly gain an advantage if lethal rates were 
above zero. Less obviously, the faster-mutating strain would 
often decline in frequency over time. Once it had fixed a bene-
ficial mutation, the faster-mutating strain began to suffer effects 
of deleterious mutations (including back mutations). In addi-
tion, because of the inherent stochasticity of an agent-based 
model and the sensitivity of dynamics to parameter values, stu-
dents could observe variation across runs (for more details on 
the role of the computer simulation in the design, see Gouvea 
et al., 2022). While these patterns were possible for students to 
observe, GTAs reported that few students had sufficient time to 
notice these trends. Often, students spent most of the 30 min-
utes allotted to the simulation getting oriented to the interface. 
Students also seemed confused about the purpose of the simu-
lation, and many seemed to view it as unrelated to the experi-
ments they had conducted.

FIGURE 2.  Simulation interface and example output (2015). Sliders allow students to change initial population sizes of two strains, the 
number of times a cell replicates before it dies, the mutation rate of each strain and the proportion of each mutation type. “Poison?” 
controls the addition of an antibiotic that kills all nonresistant cells. Plots represent the total number and proportion of each strain over 
time.
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Another major change in this design iteration was in the 
guidelines and grading structure for the lab report assignment 
(see Appendix A in the Supplemental Material). Here, we explic-
itly stated that the purpose [of the lab report] is not to get to 
some particular “answer,” but rather “to make some sense of the 
data and support your ideas with logic and evidence,” and that 
reports would be graded based on “clear expression of ideas and 
evidence.” The discussion section was described as a place to 
answer the question: What does the experiment tell you about 
some of the questions you raised in the Introduction?” While the 
emphasis was on experimental results, the discussion section 
guidelines also suggested the option of including simulation out-
put. In addition, we extended the peer review process to include 
the introduction, methods, and results. Pairs of students swapped 
drafts of their lab reports for feedback outside class and had 15 
minutes in class to discuss feedback with one another and time 
outside class to revise before submitting a final version.

Second Design Iteration.  In the second design iteration, we 
preserved the small-group and whole-class discussion activities 
introduced in the first design iteration. The focus of this second 
iteration was to make changes to the lab activities (Table 1). 
Our aim was to increase the complexity of the data that stu-
dents encountered by making it possible for them to encounter 
contradictions or ambiguous patterns. We did this in several 
ways. First, we removed the lactose condition from the first 
experiments so that students would compare only the rich 
medium (LB agar) and the antibiotic (LB + rif) conditions. Our 
purpose was to de-emphasize adaptive benefits and make more 
space for students to consider how mutation rates influence fit-
ness in nonselective environments. We also increased the dilu-
tion factor for the LB agar plates so that instead of seeing an 
undifferentiated lawn, students could count the colonies and 
quantitatively compare the two strains.

Second, we added a “competition” experiment that students 
performed in the second week. In this experiment, each group 
incubated the fast- and slow-mutating strains together in a sin-
gle culture tube of LB medium overnight. They then plated the 
mixed culture on LB agar and on LB + rif plates to estimate the 
relative proportion of each strain.1 Each lab section conducted 
an independent replicate of the competition experiment, and 
the results varied by lab section. Some results suggested the 
mixed culture contained a larger proportion of the faster 
mutator. Other results suggested a larger proportion of the 
slower mutator. Still other groups found a similar proportion. 
Students were given access to data from all 12 lab sections. We 
intended the lack of a single pattern to create a need to consider 
the validity and meaning of the data.

Finally, the computer simulation activity was extended to an 
hour and included some time for groups to share interesting 
patterns with the GTA, who could project simulation output for 
the whole class to consider. In pre-lab prep, GTAs were instructed 
to draw students’ attention specifically to any patterns that they 
found puzzling or contradictory, such as runs in which the 
slower-mutating strain eventually overtook the faster-mutating 

strain in a selective environment. To facilitate students noticing 
these patterns, changes were also made to the simulation inter-
face. In the new interface, students could run two replicates 
side-by-side. For example, students could run a trial in a rich 
medium and a trial in a selective medium at the same time and 
compare the results. In addition to the proportion of lethal and 
resistance mutations, the proportion of “metabolic benefit” 
mutations were now manipulatable by students so that various 
hypotheses about how the relative proportions of different 
types of mutations and population fitness could be tested. The 
updated simulation also included plots that allowed students to 
visualize the proportion of the population that had acquired 
metabolic benefit or antibiotic resistance mutations, allowing 
them to make connections between population patterns and 
underlying patterns of mutation frequency.

Instructions for completing the lab report remained similar 
to the 2015 version. We continued the practice of peer review, 
but this time we had students share a draft of their discussion 
sections only, instructing students to attend to the reasoning 
their peers provided in this section.

Data Collection
All student lab reports were submitted digitally each year, and 
copies were stored in an online database.2 We sampled from these 
reports in two ways. The first subsample consisted of all the lab 
reports from a single GTA who taught in all 3 years. This GTA was 
a graduate student in the biology department who was person-
ally committed to teaching. In discussions, this GTA confirmed 
that their teaching in 2014 followed the template laid out in the 
lab manual: They began each lab with a short lecture and then 
helped guide students through the experimental protocol. They 
also indicated an intention to implement the redesigned labs with 
fidelity. This intention was supported by informal observations of 
this GTA’s classroom in which we observed them eliciting stu-
dents’ ideas during discussions and asking for students’ reason-
ing. This single GTA subsample included 24 reports from 2014, 
19 from 2015, and 25 from 2016 for a total of 68. A second sub-
sample was constructed by selecting a random set of 78 (26 per 
year) reports from among the remaining GTA sections. Summing 
these two samples, 146 reports were collected for analysis.

Scoring Argumentation in Lab Reports
We used a modified version of the structure of observed learn-
ing outcomes (SOLO) taxonomy (Biggs and Collis, 1982) to 
score students’ engagement in argumentation in lab reports. 
The original SOLO taxonomy was developed to assess the qual-
ity of students’ writing using criteria that could be applied 
across a range of domains, including geography, history, and 
English. Across domains, Biggs and Collis (1982) define quality 
in terms of how students use and integrate evidence as well as 
the extent to which the writing includes evidence that students’ 
interpretations are their own (p. 54, emphasis in original).3 

1To do this, students estimated the proportion of cells in the mixed culture that 
were resistant to rifampicin. They then compared this proportion to the propor-
tion of resistant cells for each strain independently, which had been estimated the 
week prior. A larger proportion of resistant cells would suggest a larger proportion 
of the faster-mutating strain in the mixed culture and vice versa.

2This data collection and analysis was approved by Tufts University Institutional 
Review Board (IRB no. 1904014).
3Biggs and Collis originally based their scheme on Piagetian levels of cognitive 
development, expecting that lower-level responses corresponded to lower levels 
of individual development. However, in applying their scheme, they found that 
“stage theory did not hold”— individual students were capable of writing at dif-
ferent levels (1982, p. 21). Biggs and Collis revised their interpretation of the 
scheme from one that assessed cognitive development of the student to one that 
assessed the quality of the task (1982, p. 22).
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to characterize engagement in scientific argumentation that 
was more rote or more authentic.

Biggs and Collis identified three dimensions as useful for 
scoring responses. In the following sections, we describe how 
we adapted these dimensions to fit our context. It should be 
noted that, while these dimensions are useful for determining 

While Biggs and Collis (1982) never use the term “framing,” 
their scheme is organized around capturing features of writing 
that indicate how students are understanding and approaching 
the task: Are they writing to demonstrate knowledge or fulfill 
requirements, or are they writing to express and defend their 
own ideas? Thus, we felt it was appropriate to use this scheme 

TABLE 2.  Description of dimensions that comprise each level with example student text and justification provided by coder.

Level 1 Level 2 Level 3 Level 4

Argument 
structure Tautological/simple Additive/one-sided Relational/two-sided Compound/conditional

Example text
[coder justification]

The results above 
conform to the 
hypothesis that as the 
efficiency of DNA 
repair mechanisms 
increases the mutation 
rate decreases.

[Known difference in DNA 
repair used to explain 
known difference in 
mutation rate]

Combining the data from 
Part I and II, it can be 
deduced that the 
E938 strain’s status as 
mut− [high mutating] 
allows it to better 
survive.

[Makes claim about 
success of high mutator 
only]

Overall, since there are so 
many things that affect the 
reproduction of bacteria, 
such as when a mutation 
occurs, what kind of 
mutation occurs, and 
human error, it is difficult 
to use our limited data to 
determine which strain 
would be more suited for 
survival. However, the 
general trends of our data 
suggest that having a high 
mutation rate is beneficial 
to survival.

[Makes claim about success of 
high mutator, but only after 
relating to other possible 
claims]

It might seem like a good idea 
to argue against DNA repair. 
However, due to the stagger-
ingly small percentage of the 
population that develops 
beneficial mutations, it does 
not make evolutionary sense 
to argue this point.

[Considers advantages of high 
and low mutators and 
reconciles using evolutionary 
argument]

Scope of 
knowledge/
evidence

Relies on given 
information and/or 
unspecified results

Uses subset of available 
data as evidence to 
support inference

Relates data that show 
different patterns

Relates data and brings up 
outside information or 
hypotheticals/ thought 

experiments

Example text
[coder justification]

Our results showed that 
E938 (Mut−) was 
more likely to mutate 
than E939 (Mut+).

[Mentions “results” 
without explanation or 
elaboration. Facts 
about mutation rates 
given.]

In Part I and II E938 was 
able to grow more 
colonies on plates 
containing an 
antibiotic and in Part 
II E938 was able to 
adapt to using lactose 
as a food source.

[Combines two parts of 
data to support claim 
with some explana-
tion, ignores agar 
data]

The lower mutation rate … 
does not allow it to mutate 
enough to generate a 
significant number of 
bacteria that could digest 
lactose, … On another 
note, both bacterial strains 
survived roughly equally as 
well in the environment 
with just LB Agar.

[Considers data from all 
environments]

Together these data provide 
support for the hypothesis 
that an increased mutation 
rate was beneficial to 
bacterial survival. …. While 
more mutations appear to 
be an advantage, the 
relationship between 
mutation rates and repair 
mechanisms remains 
intriguing. If these results 
hold true in nature, then 
why is DNA repair so 
pervasive? Statistically, 
with more mutations comes 
a higher chance for an 
organism to mutate in a 
non-beneficial manner as 
well.

[Considers consistency between 
data and patterns in nature 
including statistical 
hypothetical argument]

(Continued)
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Consistency and 
closure

Closed without 
rationale, ignores 
inconsistencies

Closed with some 
rationale, ignores 
inconsistencies

Closed, addresses 
inconsistencies

Appropriately qualified 
or open-ended

Example text
[coder justification]

The results of both parts 
of the experiment 
conformed to what 
was expected.

[Concludes with certainty 
due to match to 
expectations]

This observed pattern 
was consistent with 
what was seen in the 
lab class [as] a whole, 
indicating that the 
results of this study 
are reproducible.

[Uses reproducibility to 
justify certainty, but 
does not address other 
inconsistencies]

Overall more mutations can be 
beneficial for a species as a 
whole given that there is a 
higher possibility that the 
species will be able to 
adapt to changing 
environmental factors; 
however given more 
mutations there is a higher 
possibility that individuals 
will not be able to survive 
in a given environment. 
Essentially, a higher rate of 
mutation adds to the 
genetic diversity in a 
species, which has been 
proven to be an important 
factor in a species ability to 
survive

[Addresses possibility that 
mutations are not beneficial, 
yet still concludes with 
general claim about 
advantage]

While this experiment 
successfully displays the 
advantages of a high 
mutation rate in an 
unfamiliar environment, the 
similar lawns of bacteria 
that appeared on the LB 
plates limit our ability to 
determine the effects of 
mutation in a non-hostile or 
unfamiliar environment.

[Explores possibility of different 
outcomes in different 
contexts]

an overall score, they are not intended to be mutually exclusive. 
Examples of how we scored lab reports using these dimensions 
are provided in Table 2,4 and complete examples of reports for 
each level with text used to assign scores are provided in Appen-
dix B in the Supplemental Material.

Argument Structure.5  This dimension captured the complexity 
of the argument in terms of the number of claims and the extent 
to which claims were related to one another (cf. Schwarz et al., 
2003; Osborne et al., 2016). We also considered whether the 
claim itself could have originated in information that was given 
in the lab manual or lecture or if it was inferred from data pat-
terns. For example, readings across all three versions of the 
course described that a dysfunction in the DNA repair system 
was responsible for the higher rate of mutation in one strain. 
Level 1 reports claimed to demonstrate this given information, 
arguing that bacteria with a mutation in their DNA repair sys-
tem would mutate more—a claim that is tautologically true and 
cannot be inferred from the experimental data.

Level 2 arguments also made a single claim: A higher rate of 
mutation is advantageous. This claim was suggested by the lab 
manual in 2014, but not in other years. This claim could also be 
inferred from the data showing more survival of the faster-mu-
tating strain in an antibiotic environment. Level 2 claims were 

considered “one-sided,” because they did not address the poten-
tial fitness costs or context specificity of advantage of an 
increased mutation rate.

Level 3 arguments were “two-sided,” considering both that 
faster mutation could be adaptive and that more mutations 
could potentially harm the population. While level 3 arguments 
raised both claims, they often did not fully reconcile them, 
choosing instead to align with one or the other. 

At level 4, alternative claims were raised and integrated into 
compound arguments that provided conditions explaining 
when different claims might be true. For example, many level 4 
reports described advantage as environment dependent, 
dynamic, or sensitive to specific parameters, such as the propor-
tion of deleterious or beneficial mutations, population size, the 
rate of back mutations, or the relative strength of selection.

Scope of Evidence.6  This dimension characterized the sources 
of evidence and how they were used to support claims. At level 
1, either no reference was made to evidence or else “results” 
were taken as evidence without explanation. In such reports, 
results were positioned to self-evidently “show” conclusions. At 
level 2, reports used specific evidence, but only a subset of the 
available evidence. For example, level 2 reports primarily used 
data showing the increased survival of mutants on antibiotic 
media and/or an increased ability to digest lactose as evidence 
of fitness advantage of the fast mutator. Reports in this category 

TABLE 2.   Continued

4The original SOLO taxonomy had five levels. Our adaptation has four, because 
we had no instances of what Biggs and Collis called “unistructural” responses that 
relied on a single piece of evidence. This is likely because all versions of the lab 
involved more than one set of data.
5Biggs and Collis originally called this dimension “relating operations” to describe 
the logical structure of students’ claims and the reasoning that accompanied those 
claims. Because of the combined focus on claims and reasoning, we renamed this 
dimension “argument structure.”

6Biggs and Collins originally named this category “capacity” to describe the 
amount of “working memory” required to recall information needed to write 
responses at different levels (1982, p. 26). In keeping with Biggs and Collis’s shift 
from interpreting their scheme as about describing tasks rather than inferring 
cognition, we have renamed this dimension to foreground the evidence present in 
responses.
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largely ignored growth in the standard LB media, either not 
mentioning it at all or describing growth in standard plates as a 
“control.” In contrast, level 3 reports used both data from selec-
tive and nonselective media as evidence.

Level 4 reports increased the scope of evidence to include 
knowledge from beyond the pre-lab readings and the experi-
mental data. These reports often integrated theoretical knowl-
edge in the form of thought experiments or analogies to com-
plicate interpretations of data. For example, some reports 
included the fact that DNA repair exists and is pervasive across 
taxa as a form of evidence that challenges interpretations of 
mutations as unilaterally advantageous. Other reports included 
more idiosyncratic ideas. For example, one student constructed 
a metaphor based on the “X-men” comics series to explain how 
the benefits of mutation are context dependent. In the comics, 
mutation gives the X-men superpowers. However, in one sto-
ryline, robot sentinels are designed to be able to specifically 
detect and target these mutants. In other words, the ability to 
mutate is both the source of their power and a threat to their 
existence, which the student used to explain that “Whether a 
mutation prove [sic] to be beneficial or detrimental, and 
whether a higher mutation rate is advantageous or disadvan-
tageous is situational.” This example illustrates how the use of 
evidence in level 4 reports was more varied than in the other 
levels and sometimes contained idiosyncratic ideas.

Consistency and Closure.7  This dimension captured the 
extent to which students’ conclusions acknowledged uncer-
tainty by either leaving conclusions “open” or, in contrast, 
“closing” on a single conclusion. When students feel pressured 
to present conclusions that align with the scientific canon, 
they may “prematurely close” their arguments (Engle and 
Conant, 2002; Ford, 2012). Researchers have used linguistic 
markers of ongoing uncertainty, such as students’ use of appro-
priate qualifiers, conditionals, or hedges to signal appropriate 
uncertainty in arguments (Lee et al., 2017; Chen et al., 2019). 
We used such linguistic indicators of certainty to score this 
dimension.

Level 1 reports contained conclusions that closed on 
expected claims with certainty. These reports included language 
such as “showed,” “proved,” or “confirmed.” Level 2 reports also 
settled on conclusions, but whereas level 1 reports did not 
attempt to justify this settling, level 2 reports offered some 
backing for their certainty. For example, level 2 reports some-
times used consistency across the two experiments or among 
groups in a lab section to strengthen their conclusions.

In a break from the certainty presented at levels 1 and 2, 
level 3 reports acknowledged tensions in interpretation, 
often raising the idea that mutations can be advantageous or 
deleterious. However, level 3 reports did not fully reconcile 
this tension. Instead, they often simply chose a side on which 
to conclude. For example, after discussing data in terms of 
benefits and harmful effects, one level 3 report concluded: 
“From an evolutionary biological perspective, mutations 
have a very big and important role in developing new species 
that will outcompete the weaker species that fail to adapt to 
their surroundings.” Rather than allow the ambiguity in the 

data to stand, this report brushes it away by making refer-
ence to the importance of adaptation.

Only at level 4 were uncertainties more directly expressed 
as limitations (e.g., “it would be a mistake to conclude that 
mutations are always beneficial”). Level 4 reports often 
included hedging language (e.g., “may be,” “could be consid-
ered”). Some level 4 reports also raised new questions or sug-
gested the need for future work (e.g., “further studies should 
be done to explore the long-term survival of bacteria with 
higher mutation rates—particularly considering the rates and 
consequences of negative, as well as positive, mutations”). 
Proposals for future work were also sometimes part of reports 
at lower levels, but these ideas never arose from uncertainties. 
Instead, level 1 and 2 reports often proposed future work that 
replicated or made minor changes to the experiments already 
conducted (e.g., “it would be interesting to alter the environ-
ment and see how E. coli with no DNA repair could grow in 
heat or cold”).

Coding Process
Before coding, we excised the discussion sections from sampled 
reports, removed identifying information, and ordered them 
randomly in a spreadsheet. This process blinded coders to the 
implementation year of individual responses. It should be 
noted, however, that it was possible in some cases for coders to 
tell what year a report likely came from, because some of the 
details of the lab activities changed over the years. For example, 
a report that mentioned simulation output could not have been 
written in 2014 before the simulation activity was introduced. 
To reduce the influence of potential bias, coders identified spe-
cific words or phrases used to assign a level in each of the three 
dimensions, bolding or underlining the parts of the text they 
used to make their judgments and making notes to justify their 
choices and to indicate their degree of certainty (see examples 
in Appendix B in the Supplemental Material).

While different parts of the text (claims, evidence, language 
related to (un)certainty) informed scoring in each dimension, 
the dimensions themselves are not intended to be independent 
of one another. In Biggs and Collis’s (1982) original scheme, 
each of the three dimensions of the taxonomy were expected to 
correlate and to be considered holistically to assign an overall 
best fit to a single level. In our data, dimension scores were 
often aligned, making it relatively easy to assign a writing sam-
ple to a single level. However, Biggs and Collis also created 
“transitional” levels to capture responses with split dimensional 
scores that spanned levels (1982, p. 29). We followed both 
practices in our coding. Coders first scored for each dimension 
and then assigned an overall score. When dimension scoring 
was split across levels, we discussed the examples and chose an 
appropriate transitional score. Examples of reports coded at 
each level, including transitional levels, are provided in Appen-
dix B in the Supplemental Material.

Four researchers (the four authors) participated in the cod-
ing process. Each report was scored by at least two coders inde-
pendently. Any discrepancies were discussed and resolved 
between the two coders. Particularly challenging examples 
were brought to the larger group for more discussion. Because 
the SOLO categories are ordinal, we calculated interrater reli-
ability of initial preconsensus coding of the full data set using 
Cronbach’s kappa with linear weighting (Cohen, 1968). The 

7Our use of this dimension closely matches the original use by Biggs and Collis 
(1982, p. 27).
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weighted kappa was 0.74 (SE = 0.03), corresponding to a 
“good” level of agreement.

Statistical Analysis
To compare the distribution of responses in each level across 
years, we used a Kruskal-Wallis test, a nonparametric rank test 
(analogous to analysis of variance). We then used the Dunn 
test to conduct post hoc pairwise comparisons between all 
years.

Reports sampled from a single GTA (N = 68) were compared 
with reports sampled randomly from across all GTA sections 
(N = 78) using a Kruskal-Wallis test. Because no statistical dif-
ference was detected between these subsamples (Z = 0.64, p = 
0.52), we combined the subsets into a single data set for the 
analysis.

Characterizing References to and Use of Computer 
Simulation Output in Lab Reports
The agent-based computer simulation was a unique aspect of 
the curriculum included in 2015 and expanded in 2016. Includ-
ing and discussing patterns from the computer simulation in lab 
reports was recommended, but optional in both 2015 and 2016. 
To better understand the role of this activity in students’ argu-
ments, we counted the number of sampled reports in each of 
the redesign years that included explicit mention of simulation 
output.

We then categorized how students used the simulation out-
put in their arguments. Some aligned the simulation output 
with the experimental data. Below is an example of a report 
that aligned the simulation output and experimental data to 
claim that mutations that confer antibiotic resistance are 
beneficial:

The NetLogo simulations in lab confer with these results. In 
the simulation, adding [antibiotic] to the environment resulted 
in more yellow bacteria, the [antibiotic-resistant] mutant of 
the red strain. The blue strain died off because the red strain’s 
high mutation rate increased its resistance to the [antibiotic]. 
(2015, level 2.5)

Other reports used simulation output to describe a range 
of possible outcomes and explain this variation in terms of 
dependence on parameter values (relative proportions of 
deleterious, beneficial, and neutral mutations, or rate of 
back mutation), population dynamics (fixation of beneficial 
mutations or accumulation of deleterious mutations over 
time), or environmental conditions (e.g., presence or absence 
of antibiotics). The following example uses the simulation to 
expand from the specific claim—that a faster-mutating strain 
of E. coli can have an advantage in an antibiotic environ-
ment—to make a more general claim about the situation 
specificity of advantage.

The experiment was only an example that can conclude the 
benefits of a higher mutation rate to specifically E. coli [sic] 
specifically under specific environments. Through NetLogo 
simulation, we were able to expand our knowledge to make 
a more general claim: a specie’s [sic] survival depends on a 
combination of its mutation rate and the effects of muta-
tions in the given environment. The simulation can be 

configures [sic] such that a higher mutation rate will lead 
[to] complete dominance, total extinction, or every varia-
tions in between. The same applies to a low mutation rate. 
This means that the evolutionary advantage of mutations 
and mutation rates are not clear-cut. Whether a mutation 
prove[s] to be beneficial or detrimental, and whether a 
higher mutation rate is advantageous or disadvantageous is 
situational; it entirely depends on the environment that one 
lives in. (2016, level 4)

The above examples illustrate the two categories we used to 
classify how students used simulation output: aligning with the 
experiment or complicating or extending claims by discussing 
multiple possible outcomes.

RESULTS
In this section, we present the results of our coding and scoring 
of the 146 laboratory reports. We first show that the scores we 
assigned to lab reports increased each year. We then present 
excerpts from two example reports (a low-scoring report from 
2014 and a higher-scoring report from 2016) to illustrate how 
these scores reflect students’ engagement in argumentation. 
Finally, we describe patterns in how students used the simula-
tion output in their arguments.

Lab Report Scores Increased with Each Design Iteration
Figure 3 shows the distribution of lab report scores by year. 
Over the two design iterations, the distribution shifted 
toward higher levels in the coding scheme, indicating more 
authentic (or less rote) engagement in argumentation (χ2 = 
79.7; df = 2; p < 0.0001. In the original labs (2014), the 
median and mode scores were level 1.5; in the first design 
iteration (2015), the median and mode shifted to level 2.5, 
and finally, in the second design iteration (2016), the median 
shifted to level 3.5, while the mode increased to level 4. Pair-
wise comparisons indicate that each shift is significant: 
between 2014 and 2015 (Z = 4.9; p < 0.0001); between 2015 
and 2016 (Z = 3.7; p = 0.0006).

An Illustrative Comparison of Lab Reports
To illustrate the relationship between the numerical trends 
and engagement in argumentation, we share excerpts 
from two example reports. The first is from the original lab 

FIGURE 3.  Lab report scores by year. Reports from 2014 in light 
gray; 2015 in medium gray; 2016 in black.
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course (2014) and was scored at level 1.5, the most common 
score assigned to reports from that year. The second was 
sampled from the second design iteration (2016) and was 
scored at level 4, the most common score in that year. 
Excerpts have been edited for length, but the full discussion 
sections of these two examples, as well as example reports 
for all scores, are available in Appendix B in the Supplemen-
tal Material.

Example of a Level 1.5 Report from 2014.  This level 1.5 report 
begins with the following excerpt:

Line Text

1 Our hypothesis was that [fast-mutating strain] E938, 
which is Mut-, would show increased mutation over 
[the slow-mutating] strain E939.

2 This hypothesis was supported by both our individual and 
class data.

3 The increased mutation rate and survival of E938 can be 
attributed to the faulty DNA repair of the Mut− strain.

4 Increased mutation rate allows more bacteria of this 
strain to gain the traits necessary for survival on the 
rifampicin plates.

5 E938 also adapts better for the use of lactose as an energy 
source on the MacConkey agar.

This excerpt begins with claims that reiterate ideas pro-
vided in the lab manual. The claim that bacteria with faulty 
DNA repair will have an increased rate of mutation (line 1) 
restates a given fact about the strains from the lab manual 
(“Mut− develops mutations at a faster rate than Mut+”). In 
elaborating on this claim, the student also suggests that a 
faster-mutating strain has some advantage, because it “gains 
the traits necessary for survival” and “adapts better” (lines 4 
and 5). These statements are also tied to the original lab 
manual, which states that “a mutation can cause an increase 
in fitness.”

While these claims are not incorrect, we consider them to 
be evidence of rote engagement in argumentation for two 
reasons. First, while it is sensible to claim that faulty DNA 
repair increases mutation rates, the data that students col-
lected in the lab do not and cannot support that link, because 
the students did not collect any data on DNA repair. The only 
link between repair status and the observed mutation fre-
quency is the given knowledge that the two strains differ, 
making the claim that faulty DNA repair increases mutation 
rate tautological. The claim that mutations are beneficial is 
also sensible, but given that mutations can range from bene-
ficial to neutral to deleterious, it is a relatively narrow claim. 
From a biological perspective, these claims present only a 
limited set of ideas about the phenomenon of mutation rate. 
The strong alignment between the claims and the informa-
tion provided in the lab manual make it unlikely that these 
ideas represent the student’s independent thinking about the 
meaning of the data. Instead, the inclusion of these claims 
appears intended to communicate the conclusion suggested 
by the curriculum.

The next excerpt illustrates how we evaluated the certainty 
of argument in this same report:

Line Text

1 Some uncertainty was present in the class data for the 
[fast-mutating] E938 strain.

2 The standard deviations were high (30% and 40% respec-
tively).

3 This may be attributable to problems while performing the 
serial dilution.

4 Groups may not have allowed for the proper dispersion of the 
bacteria in each solution before performing further 
dilutions.

5 This may result in initially lower concentrations of bacteria on 
some plates.

6 This can easily be remedied by allowing proper dispersion of 
the bacteria in each dilution step.

7 Despite the high standard deviation for the class E938 data, 
the experiment supported our hypothesis ...

8 ... that E938 would show increased mutation due to the lack 
of a functional DNA repair mechanism.

In this excerpt, the student identifies potential threats to the 
validity of the data, while at the same time upholding the cer-
tainty of the conclusion. Specifically, the student first includes 
information about the high standard deviations of colony 
counts (line 2) and links this to a possible source of human 
error in conducting dilutions (lines 3 and 4). Then these issues 
are dismissed, and the conclusion is restated without qualifica-
tion (lines 7 and 8). No further consideration is given to the 
possible biological meaning of the variation or how that varia-
tion might relate to the mutation rate. Again, it seems that the 
issues and potential sources of error are included for the sake of 
meeting the instructor’s expectation about lab report compo-
nents rather than because they are consequential to the overall 
argument being presented.

Together, these two excerpts illustrate common features of 
lab reports that spanned levels 1 and 2: Claims are often nar-
rowly aligned with the background information provided in lab 
manual; evidence is included as supporting these claims with a 
high degree of certainty; and concerns about the quality of the 
data are, if included, dismissed. These features suggest a fram-
ing of writing a lab report as an activity for the purpose of 
“doing what is expected.”

Example of a Level 4 Report from 2016.  This level 4 report 
does not begin with a statement of the main claims and instead 
includes five different claims distributed throughout. This claim 
structure was more common in reports that were scored at lev-
els 3 and 4. We present here excerpts of the claims in the order 
that they appear in the report:

1.	 “Our results somewhat supported the hypothesis, in that the 
mutant [faster-mutating] E938 strain had a much higher 
survival rate on the rifampicin plates than the wild-type 
[slower-mutating] E939 strain.”

2.	 “The strains were possibly able to co-exist with one another 
because, although the strain with the higher mutation rate 
has a higher resistance to rifampicin, the wild-type strain is 
more stable altogether due to its functioning RNA poly-
merase and ‘proofreading’ system. Therefore, it doesn’t expe-
rience as many deleterious mutations.”
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3.	 “There’s a chance that the strain with the higher mutation 
rate would eventually die out due to harmful and at times 
fatal mutations.”

4.	 “It’s important to consider the metabolic cost such an 
extreme mutation rate has on bacteria. Although the 
mutant E938 could survive better in an environment with 
rifampicin, it has to compensate for this adaptation in 
other ways, meaning that its ecological range is most 
likely reduced.”

5.	 “That relates to why organisms have such varying mutation 
rates, especially bacteria in relation to humans and plants. 
Billions of E. coli [sic] bacteria are produced in our intestines 
every day—along with millions of mutations within their 
populations. Since bacteria have such a short lifespan and 
rapid reproduction rate compared with plants and humans, 
their mutation rates are much more significant.”

The report begins with the expected idea that a faster-mu-
tating strain will survive better in an antibiotic environment 
(claim 1). However, notice that the results are introduced as 
“somewhat” supporting this hypothesis. The next two claims 
elaborate on why the survival data only somewhat support 
the hypothesis. Claims 2 and 3 introduce the idea that avoid-
ing deleterious mutations is important and explains why a 
strain with a lower mutation rate would experience fewer 
deleterious mutations than a strain with a higher mutation 
rate. Claim 3 also includes a consideration of timescale, spe-
cifically attending to the possibility that a fast-mutating 
strain might “eventually die out.” Claim 4 integrates differ-
ent parts of the argument to articulate a trade-off whereby 
strains that mutate faster trade adaptive advantage for costs 
that may reduce the strain’s overall success (“ecological 
range”). Finally, claim 5 considers phenomena beyond the 
experiment to account for differing rates of mutation across 
taxa, though it is not entirely clear what the student’s 
intended meaning is in this last section.8

The argument structure of this report compared with that of 
the first example report offers a more complex, more complete 
discussion of the relationship between mutation rate and fit-
ness. In addition, the claims of this report go beyond what was 
provided in the lab readings. And the fact that the final idea is 
somewhat difficult to interpret may constitute evidence that 
this final idea is the student’s original thought.

The next excerpts come from the final paragraph of this 
(level 4) lab report in which the student engages with the 
quality of the data. Like the level 1.5 example, the student 
begins by identifying possible sources of error: “For example, 
plating the petri dishes required the serial dilution of each of 
the strains multiple times and in very small dosages, which 
left a lot of room for human error.” One difference from the 
level 1.5 report, though, is that this error is not dismissed 
and instead the student suggests a need to “re-do the 
experiment.”

A more telling difference between the two reports is that this 
report ends with an idea for a future study that is inspired by 
unresolved questions from the previous analysis:

A way to further our study is to continue growing the co-cul-
ture for a longer amount of time than just a week to see what 
eventually happens, such as whether or not the higher muta-
tion rate is overall [more] harmful to the mutant population 
than beneficial.

Up to this point, the student has made the case that both 
high and low rates of mutation have potential benefits (claims 
1 and 2). They have also suggested that perhaps a higher rate 
of mutation could be detrimental over longer periods of time 
(claim 3)—a claim they derived from observations in the com-
puter simulation. By proposing an experiment that is extended 
in time (more than 1 week), this student is proposing a next 
step that addresses a limitation of the current experiment as 
well as a gap revealed by their own argument.

Overall, this example report, and others at level 3 and above, 
include more evidence of students’ own thinking about how 
claims are related as well as how claims might relate to the 
biological world beyond the lab. In addition, in these reports, 
students’ use of common features of a lab report, such as report-
ing on errors or proposing future experiments, is integrated 
with the rest of the report. These features suggest a framing of 
the lab report as an activity that involves creative and critical 
thinking about scientific interpretations and ideas.

Use of Computer Simulation Output in Arguments
Overall, of the 96 reports sampled in 2015 and 2016, 27 (28%) 
made explicit use of the simulation output in their lab reports. 
Fewer reports referenced the simulation in 2015 (8 of 45, or 
18%) than in 2016 (19 of 51, or 37%). How simulation output 
was used also differed by implementation year. In 2015, five 
reports used simulation output to align with initial experiments, 
and three used output to complicate and extend initial claims. 
In 2016, only three used the simulation to align and 16 used the 
output to complicate their claims by describing and explaining 
the meaning of multiple possibilities.

In both years, how students used the simulation was related 
to their overall argument score but did not fully determine it. 
Using the simulation to confirm that mutations are beneficial 
tended to occur in lower-scoring reports (below level 3), whereas 
using the simulation to describe context-dependent alternatives 
was a strategy present in high-scoring reports (levels 3 and 4). 
Yet reports that used the simulation to align with experimental 
claims could also score higher if they used other evidence (from 
experiments or outside knowledge) to make more complex 
arguments. For example, after initially using the simulation to 
confirm the adaptive benefit of mutation, a student argued 
against this claim later in their report adding, “Taking a look at 
the broader results, however, suggests that in reality, a higher 
mutation rate could be a detriment” (2016, level 4). Similarly, 
describing the multiple outcomes of the simulation did not auto-
matically elevate the overall score if that information was not 
integrated into the argument. For example, one student 
explained how changes in parameters and environments led to 
different outcomes in the simulation but dismissed these pat-
terns as “not related” to the experimental data (2015, level 2.5).

DISCUSSION
In this design experiment, we saw shifts in how students 
engaged in argumentation in their biology lab reports. The 

8One possibility is that the student is suggesting that, because bacteria have faster 
generation times, they suffer more from deleterious mutations than organisms 
with longer life spans (e.g., humans). The student may be using this idea to 
explain why bacteria have a lower rate of mutation per generation than humans.
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target of our design efforts was the rhetorical context—the 
material and social surroundings that authors (both scientists 
and students) use to frame the purpose and form of their writ-
ing. Differences in students’ writing across the three versions of 
the laboratory course provide insights into how specific 
designed features of the curriculum and instruction may have 
functioned to change how students framed and implemented 
the task of writing. We next discuss how these design features 
function in each design iteration.

Original Lab Design: Meeting Instructor Expectations 
and Keeping Uncertainty Low
The high proportion of level 1 and 2 arguments in discussion 
sections in the original lab course suggests that most students 
were framing writing as an activity of demonstrating predeter-
mined conclusions and following directions. For many students, 
these framings may have been familiar, as traditional K–12 lab 
science contexts often convey to students that “they must some-
how generate, copy, or paraphrase the knowledge claim that is 
desired by the teacher” (Keys, 1999, p. 125). The expectation 
that science labs are about “confirming concepts” appears to 
persist at the undergraduate level as well (Hu et  al., 2017; 
Smith et al., 2020).

Features of the design of the original lab course likely rein-
forced this framing. The lab manual, for example, presented 
canonical ideas and background facts that most students 
seemed to recognize as the desired conclusions. Indeed, most 
reports were organized around one of two ideas presented in 
the lab manual: 1) that the difference in mutation rate between 
the two E. coli strains could be explained by differences in DNA 
repair or 2) that the data showed that mutations are beneficial 
for adaptation.

The importance of “following directions” was reinforced in 
the structure of instruction and assessment. That GTAs deliv-
ered lectures and graded pre-lab quizzes may have positioned 
them as authority figures who knew both how to correctly 
implement procedures and what the data should ultimately 
mean. In introducing the lab report assignment, GTAs reviewed 
the multi-item rubric they would be using to grade the reports. 
Many of the rubric items asked for specific formatting (e.g., the 
title must include a dependent and independent variable), and 
overall, the instructions emphasized the need to follow direc-
tions carefully. This assessment structure can activate a “check-
list” approach to writing (Tang et al., 2015) and can explain 
why lower-level reports often included rhetorical features such 
as lists of sources of error or ideas for future studies that seemed 
tacked on and disconnected from the rest of the argument.

In terms of the rhetorical context, the original lab curricu-
lum kept uncertainty low by explicitly suggesting what the data 
were supposed to show. At the same time, instructors were posi-
tioned as an audience concerned with checking that students 
met the expectations laid out in the detailed rubric. In this con-
text, it makes sense that students would produce simple, even 
tautological arguments and use data to unambiguously support 
the conclusions they knew they were meant to support.

First Year of Redesign: An Audience That Values Student 
Thinking
We saw an increase in higher-scoring lab reports from the origi-
nal year to this year. Most reports in 2015 were scored at level 

2.5, which meant that, while many students were still focused 
on the one-sided claim that mutations are beneficial, they were 
beginning to complicate this argument. For example, a level 2.5 
report might raise concerns such as the following: “[This exper-
iment] does not really answer the question of how mutants 
would fare in normal environments” (Appendix B in the Supple-
mental Material). In addition, the proportion of level 3 and 4 
reports increased from the original year to this year, further 
indicating that students began to engage in more creative and 
critical thinking and writing with the redesign.

One design change that can explain these results was our 
removal of background information from the lab manual that 
hinted at the expected claims. Research by Petritis and col-
leagues (2021) has also shown how consequential background 
information can be for how students frame labs. In their study, 
which took place in an introductory chemistry laboratory 
course, one group of students received information about the 
molecular structure of reactants before collecting experimental 
data. Another group of students was not given this information 
and instead had to observe the reactions and make inferences 
based on their observations. Lab reports written by students 
who were given the chemical structures ahead of time con-
tained arguments that were less explicit, less complete, and less 
well integrated. Petritis et al. (2021) argue that the information 
about the structures cued up a framing that was focused on 
verification. In contrast, students who had not been given this 
information tended to interpret results as uncertain, creating a 
reason to consider more than one interpretation and, ultimately, 
yielding more comprehensive arguments that integrated evi-
dence more carefully and completely.

To further communicate an emphasis on data interpretation 
over verification, we introduced the lab unit with the following 
question: Is it better to mutate a lot or a little (and under what 
conditions)? The phrasing of the question itself suggests the 
possibility of multiple answers. While it was still possible to 
answer the question with a one-sided answer—to argue for 
example that fast mutators should have an adaptive advan-
tage—more students in this design iteration expanded the 
range of evidence they attended to, and more students con-
structed complex claims that explained how this advantage was 
part of a trade-off or limited to certain environments.

At the same time, in this design iteration, we shifted the 
instructor roles and assessment structures to increase the 
emphasis on students’ thinking and decrease the emphasis on 
compliance with specific formatting guidelines. This may have 
helped position students as authors of ideas and GTAs as an 
audience interested in students’ reasoning. Prior work has 
shown that how students understand their relationship with a 
scientific audience can influence their writing. For example, 
O’Neill (2001) showed that the nature of interactions between 
high school students and scientist mentors impacted how stu-
dents wrote research reports. When the interactions involved 
more questioning, students’ writing contained markers of criti-
cal argumentation, including hedging language, discussions of 
flaws or limits on conclusions, and considerations of alternative 
hypotheses. O’Neill (2001) argued that these pairings worked 
best when science mentors acted as a “responsive and critical 
audience” who could model how and when to be skeptical. Our 
assessment structured mirrored this emphasis on students’ 
thinking by replacing the multi-item rubric with instructions 
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that asked students to “support your ideas with reasoning” and 
by having GTAs demonstrate attention to students’ ideas in 
discussions.

Nevertheless, in 2015, a large proportion of reports still con-
tained simple confirmatory arguments relative to those written 
in 2016. We attribute this pattern to differences in the complex-
ity of the data we asked students to think about in these two 
design iterations. In 2015, the main pattern students could 
observe in the experiment was that a faster-mutating strain of 
bacteria was more likely to adapt to a novel environment (e.g., 
with antibiotics). While some students in 2015 used data from 
the nonselective (LB agar) plate to examine the limits of the 
advantage, many students that year still interpreted the pat-
terns as straightforwardly confirming their initial expectations. 
Moreover, the brevity of the simulation activity in 2015 and the 
fact that it was presented at the very end of the unit seemed to 
communicate to students that the simulation was either 
intended to support their expectations or not relevant to their 
reports.

Second Design Iteration: Uncertainty Motivates More 
Complex Arguments
In the second design iteration, we focused our design efforts on 
introducing more uncertainty into the lab unit (Manz, 2015b). 
Specifically, we introduced an additional experiment, cocultur-
ing strains, which evoked multiple plausible predictions and did 
not straightforwardly rule out any of these interpretations. 
Because the data both within and across lab sections did not 
show a clear single pattern, the alternative explanations were 
kept “in play” in students’ reports. As illustrated in the level 4 
report (Appendix B in the Supplemental Material), students 
saw results that “somewhat supported the hypothesis” and then 
went on to discuss possible explanations that could account for 
multiple possible outcomes.

The simulation also functioned to create disciplinary prob-
lems for students to engage with in their reports. For some, the 
long-term patterns in the simulation contradicted expectations 
about the advantage of higher mutation rates by showing out-
comes that favored strains with lower rates of mutation. Such 
discrepancies created a need for students to explain both out-
comes (Blikstein et al., 2016). The simulation also supported 
students in making more carefully qualified claims by allowing 
them to observe both the stochasticity of the system and the 
parameter dependence of outcomes (Gouvea and Wagh, 2018; 
Gouvea et al., 2022).

Because the design of instruction and assessments remained 
similar between 2015 and 2016, we attribute the shifts in argu-
mentation to the changing context, which now presented 
uncertainties, ambiguities, and contradictions for students to 
grapple with in their lab reports. A similar design approach was 
taken by Hester and colleagues (2018), who intentionally 
designed biology labs around phenomena for which it is possi-
ble (and plausible) to propose more than one explanatory 
model. Different student groups proposed different models, cre-
ating the potential for students to use argumentation to resolve 
discrepancies. While Hester et al. (2018) did not conduct a sys-
tematic analysis of students’ writing, examples of lab reports 
provided in their paper show evidence of engaged argumenta-
tion: Students used lab reports to propose and provide support 
for their own models, rule out alternative models, describe the 

limitations of their models, and identify gaps or contradictions 
that remained unresolved.

Implications for the Design of Learning Environments to 
Support Scientific Practices
That students wrote more complex arguments in response to 
more complex data patterns may seem unsurprising. Yet it is 
important to remember that often the simplicity of students’ 
arguments is attributed to a lack of ability on the part of stu-
dents. In this experiment, we have shown that introducto-
ry-level students rose to the challenge of the rhetorical context 
without explicit instruction telling them that a good scientific 
argument considers multiple claims, integrates a range of data, 
including prior knowledge, and makes careful conclusions that 
do not overgeneralize or prematurely settle on conclusions. 
Instead, students did these things on their own when presented 
with complex data and when encouraged to present their own 
thinking rather than conform to the expectations suggested by 
instructors or curriculum. More generally, we see these data as 
supporting the core idea that people (both students and scien-
tists) write in contexts, and those contexts, not simply their 
knowledge or skills, function to motivate and shape what and 
how they write.

This design orientation has broader implications for the 
design of learning environments that seek to support engage-
ment in scientific practices, a central goal of biology education 
(American Association for the Advancement of Science, 2011) 
and science education broadly (National Research Council, 
2012; Ford, 2015). In our section The Role of Context in Scien-
tific Argumentation, we contrasted two approaches to teaching 
scientific practice. One has been to identify and scaffold the 
component knowledge and skills that are needed for compe-
tence with practices. Argumentation, for example, requires 
teaching students the knowledge and skills they need to sup-
port claims with evidence, to consider the quality of evidence, 
and to attend to and rebut counterarguments. Some scholars 
have emphasized the need to explicitly introduce and scaffold 
these specific skills (Kelly and Bazerman, 2003; Osborne et al., 
2004; Moon et al., 2017).

Others have argued instead for the importance of designing 
contexts that create the conditions from which scientific prac-
tices are likely to emerge (Engle and Conant, 2002; Ford, 2005, 
2012; Manz, 2012, 2015a,b). This approach shifts the scope of 
the problem from students and their individual capacities to a 
consideration of how individual behavior emerges in interac-
tion with context. This alternative does not require removal of 
all support and all scaffolding. Our lab report instructions, for 
example, did contain specific guidelines and suggestions. This 
guidance asked students to focus on making sense of the data 
they collected and explaining their thinking. But in our study, 
guidance alone was not sufficient to promote more authentic 
engagement in argumentation; the lab activities also had to 
present students with data that needed to be interpreted. While 
it is common to think of uncertainty as a barrier or a challenge 
that students must overcome, we suggest that uncertainty can 
itself function as a kind of support for scientific activity. Uncer-
tainty is a feature of science that motivates scientific work. In 
this sense, encountering uncertainty is an opportunity that is 
present in scientific communities but too often absent in instruc-
tional contexts. Thus, we are not arguing for a reduction of 
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support, but for an expanded understanding of the nature of 
support beyond scaffolding specific skills and structures to 
encompass purpose and function (cf. Manz, 2015a). The design 
challenge is to construct systems of activity in which scientific 
practices such as argumentation are perceived by students as 
sensible and valuable things to do.

A key consideration in the design of learning environments, 
then, is how various practices—including but not limited to writ-
ing—can and do function in scientific communities beyond the 
classroom. For example, experiments are useful for isolating and 
comparing effects, modeling is useful for articulating relation-
ships and mechanisms, and statistics are useful when there is 
uncertainty over whether an observed effect represents a mean-
ingful difference. When the problems that these practices have 
been developed to address are not present, neither students nor 
scientists have an intrinsic motivation to engage in them.

Crucially, the argument for designing contexts from which 
practices can emerge hinges on the assumption that students 
already have some productive knowledge and skills that can be 
applied to their own scientific practice. We believe this was true 
of the students in our study, who were sampled from a popula-
tion of first- and second-year students at a private institution. 
While we cannot make general claims about what knowledge 
and skills students may bring to other institutional settings, we 
do argue that it is likely to be the case that many undergraduate 
contexts currently underestimate students’ capacities. Indeed, 
research in K–12 contexts provides many examples of young 
learners’ expanded capacities to engage in argumentation when 
contexts offer an interested and supportive audience and prob-
lems to think about (Metz, 2004; Berland and Reiser, 2011; Ford, 
2012; Ryu and Sandoval, 2012). As Manz (2015a) argues, the 
mechanism at play in these situations is not direct instruction or 
explicit scaffolding, but rather the embedding of argumentation 
within the inherently uncertain activities of scientific practice.

Recognizing the role of context in shaping behavior raises a 
need for research that examines how students’ practices can be 
altered by enriching learning contexts. Rather than assume that 
students need to develop knowledge and skills, educators and 
curriculum designers might consider how a shift in a learning 
environment might make it possible for students to use existing 
knowledge and skills in new ways.

Limitations and Open Questions
We have suggested that our design of a laboratory unit impacted 
students’ framings of writing lab reports. In line with other 
framing research, we inferred students’ framings from their 
behaviors (Scherr and Hammer, 2009). Specifically, we used 
markers in students’ writing to make inferences about students’ 
possible framings of the activity of writing their lab reports. Our 
inferences could be strengthened with additional observations 
or interviews with students that could provide more informa-
tion about how students were framing the lab generally and the 
lab report specifically.

We also claimed that our design may have functioned to 
change the relationship between students and instructors. 
This claim is qualified, because we did not collect data on 
how implementation of the curriculum and instructional 
changes varied across lab sections taught by different GTAs. It 
is possible, for example, that some GTAs were more successful 
in communicating that they valued students’ thinking than 

others, leaving open questions about the relative role of cur-
riculum and instructor behavior in the framing process.
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