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A B S T R A C T

Science consists of a body of knowledge and a set of processes by which the knowledge is produced. Although
these have traditionally been treated separately in science instruction, there has been a shift to an integration of
knowledge and processes, or set of practices, in how science should be taught and assessed. We explore whether
a general overall mastery of the processes drives learning in new science content areas and if this overall mastery
can be improved through engaged science learning. Through a review of literature, the paper conceptualizes this
general process mastery as scientific sensemaking, defines the sub-dimensions, and presents a new measure of
the construct centered in scenarios of general interest to young adolescents. Using a dataset involving over 2500
6th and 8th grade students, the paper shows that scientific sensemaking scores can predict content learning gains
and that this relationship is consistent across student characteristics, content of instruction, and classroom en-
vironment. Further, students who are behaviorally and cognitively engaged during science classroom activities
show greater growth in scientific sensemaking, showing a reciprocal relationship between sensemaking ability
and effective science instruction. Findings from this work support early instruction on sensemaking activities to
better position students to learn new scientific content.

1. Introduction

Science consists of both a body of knowledge and a set of processes
by which the knowledge is produced. Historically, these two aspects
were assessed separately (e.g., Porter, 2002) and taught relatively se-
parately (e.g., with an introduction section on skills or via isolated
projects or labs). The last decade has been marked by a substantial shift
to an integrated view of both how science should be taught and how
science learning should be assessed. Now, consensus reports (e.g., NRC,
2007, 2012; OECD 2017) assert that the scientific processes that have
historically been used to generate knowledge within a scientific field
should also be used to learn science content in a goal directed way (e.g.,
by designing, conducting, and interpreting experiments, or by arguing
from existing sources). In this new perspective, with strong social
cognitive theoretical foundations (Bandura, 1986), the term “scientific
practices” or “scientific literacy competencies” is used to carefully
frame this notion of science processes as a set of core skills that supports
the learning of science in a way that is connected to the historical
processes used by scientists for scientific knowledge building but is
using these processes in a meaningful way rather than just memorizing

how scientists applied them (Berland et al., 2015). Further, new science
standards (e.g., Next Generation Science Standards, NGSS; PISA scien-
tific literacy competencies) strongly claim that science practices must
be demonstrated in use with scientific content and that scientific con-
tent must be demonstrated through use with scientific practices.

While the central point about the importance of practices and
content integration is well supported by existing data (for a summary,
see NRC, 2012), embedded within these new conceptions of teaching
and learning science are some open questions that bear further in-
vestigation. These questions have important implications for both as-
sessment and instruction, and two of these questions are critically ex-
amined here. The first open question is about the generality and
transferability of practices across situations or content. Can students
who have developed their capacity to engage in science practices then
apply those science practices across other domains (e.g., biology,
chemistry) in order to support learning science content in those new
and otherwise separate domains? If practices are very tightly bound to
science content given how they are taught and learned (e.g. Brown,
Collins, & Duguid, 1989; Sadler, 2009), students may struggle with
using these practices in new content areas. Concretely, if a student has
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come to be able to construct and analyze graphs related to core biology
ideas, will they be able to more readily be able to construct and analyze
graphs as part of learning chemistry ideas?

The second, but related, open question has to do with the coherence
of practices. If science consists of independent practices (e.g., devel-
oping and using models vs. planning and carrying out investigations)
that each must be taught, do students acquire them in independent
ways? If science practices work together in overall cycles of inquiry,
then students who master some practices will be better positioned to
master other practices, and there will be an overall mastery level of
science practices which can be assessed with a single measure (albeit
one that involves meaningful science content).

Taking on both of these open questions, we pursue the hypothesis
that there is a general overall mastery level of core scientific practices
that supports science learning in new science content areas. If true,
science instruction (in and out of school) should be organized around
developing these core practices early in instruction (to accelerate later
learning). Further, assessments will be needed that measure progress on
these core practices while still involving meaningful content, but in
more general ways to avoid content knowledge barriers in demon-
strating capacity with scientific practices. We take up the broader
benefits of such an assessment in the general discussion.

In particular, this paper argues that: (1) this general mastery level in
science practices can be conceptualized as scientific sensemaking (SSM;
although with an additional meta-level understanding of science as
well); (2) scientific sensemaking can be effectively and efficiently
measured using scenarios that invoke shared, intuitive content under-
standings of the natural world rather than embedded in complex,
counterintuitive science content that requires extensive instruction; (3)
students tend to vary coherently along this overall sensemaking di-
mension; (4) overall sensemaking levels are a strong predictor of new
science learning; and (5) this overall scientific sensemaking dimension
can improve with effective science instruction. The first point is es-
tablished through a literature review. Then, after discussion of design
considerations, a new measure is presented, and its psychometric
properties are tested related to the second and third points. The fourth
point is tested in a large-scale study of students learning diverse science
content across middle school grades with diverse curricula and teaching
approaches and specifically addresses our first research question: do
variations in initial SSM abilities predict science content learning gains
across diverse learning contexts and content? The fifth point is tested
using the same dataset including measures of student engagement in
classroom learning to answer our second research question: can SSM
abilities be improved through high cognitive engagement in science
instruction? In the final section of the paper, we discuss the implica-
tions of our findings related to scientific sensemaking as a cognitive
resource, the modifiability of scientific sensemaking and compare the
sub-constructs of our scientific sensemaking measure with the practices
of NGSS.

1.1. Science as a sensemaking process

Science learning is not a matter of amassing bits of information from
simple and concrete to complex and abstract, or simple logical revision
to theories; rather, science learning involves active, semantically-rich
processes (Driver, Asoko, Leach, Scott, & Mortimer, 1994; Lehrer &
Schauble, 2006; Michael, 2006). To engage in these active processes,
one must have the capacity to make sense of scientific phenomenon and
content (Bathgate, Crowell, Schunn, Cannady, & Dorph, 2015; Bell,
2004; Zimmerman, 2007). Sensemaking involves seeking coherence
and meaning through construction and reconstruction of explanations
(Kapon, 2017) across multiple representations and knowledge
(Danielak, Gupta, & Elby, 2014). While it can occur as a part of a col-
lective sensemaking process across individuals (Zimmerman, Reeve, &
Bell, 2010), in this paper we consider the processes that occur within
individuals since these processes play a role in both individual and

group sensemaking. Recent conceptualizations of sensemaking aligns
with many of the practices inherent to argumentation (Kapon, 2017;
Ford, 2012), recognizing that sensemaking is critical to determining the
best possible explanation. Scientific sensemaking occurs when the cri-
teria used to determine the best possible explanation is in accordance
with canonical scientific explanations, rather than everyday sense-
making practices (Warren, Ballenger, Ogonowski, Rosebery, &
Hudicourt-Barnes, 2001).

In other words, scientific sensemaking requires cognitive engage-
ment with science-related content as an activity of constructing ex-
planations across representations, using methods generally aligned with
the practices of science. Some prior research suggests that students with
greater reasoning skills have a stronger commitment to scientific views
and demonstrate greater knowledge gains from instruction than stu-
dents with lower reasoning skills (Gervais, 2015; Lawson & Weser,
1990). In addition to directly improving science content learning, such
sensemaking is also thought to increase interest, thereby encouraging
learners to spend time on further related activities (Songer, Ben Kelcey,
& Gotwals, 2009; Zimmerman, 2007).

Here we expand the sub-constructs of sensemaking that contribute
to science learning. Although they work together in a coherent sense-
making process, attending to the individual sub-constructs enables the
inquiry into the circumstances in which sensemaking is especially
useful for content learning as well as driving educational improvement
processes. It is an open question regarding which sub-constructs are
especially important. For purposes of theory testing, the sub-constructs
that we focus on include asking good questions, seeking mechanistic
explanations for natural and physical phenomena, engaging in argu-
mentation about scientific ideas, interpreting data tables, and designing
investigations (Apedoe & Ford, 2009; Lehrer, Schauble, & Petrosino,
2001), although we acknowledge there are likely more sub-constructs
of importance. In addition to science-practice-based sub-constructs, we
also believe meta-level understanding of the nature of science is im-
portant for sensemaking to take place. We briefly review each sub-
construct, arguing that each of these are teachable and should play
important, complementary roles in science learning.

Asking Good Questions is a central feature of scientific inquiry as well
as a major component in scientific discourse (Cuccio Schirripa &
Steiner, 2000). Chin and Osborne (2008) note that students’ questions
can direct student learning and drive knowledge construction, foster
discussion and debate, help students to self-evaluate and monitor their
understanding, and increase their motivation and interest in a topic.
Further, specific instruction focused on improving student’s ability to
ask investigable questions can improve this ability and lead to higher
learning gains (Cuccio-Schirripa & Steiner, 2000; Allison & Shrigley,
1986).

Designing Investigations is the ability to design a process which iso-
lates a phenomenon to be examined. This includes a control of variables
strategy (CVS): attempting to determine if a variable is causal by al-
lowing that variable to vary, while holding other potentially causal
variables constant. It extends beyond CVS by including the identifica-
tion of appropriate counterfactuals and allowing for investigations that
explore questions about how phenomena operate. This way of thinking
demonstrates a guided search that is important for concept formation
and problem solving (Klahr & Dunbar, 1988; Zhou et al., 2016). In-
terventions focused on active manipulation of materials (virtual or
physical) can increase students’ ability to design investigations without
confounds and thereby improve causal inference (Triona & Klahr,
2010).

Interpreting Data Tables and Graphs refers to the ability to a) analyze
and interpret data presented in a table or graph accurately and with
intention and b) extract relevant information from a data table or graph
in order to answer a research question. These skills are important in
evaluating and communicating science (Erduran & Jiménez-Aleixandre,
2007; Sampson & Clark, 2006). Students who are unable to draw evi-
dence from data tables or graphs are limited in their ability to make
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inferences about a phenomenon (Sandoval & Millwood, 2005). Student
understanding of science content can be improved when students learn
to display data in visual forms and when existing graphical re-
presentation contain enough cues for students to make sense of them
(Stewart, Cipolla, & Best, 2013).

Seeking mechanistic reasoning involves the search for an explanation
of a cause and effect relationship (Koslowski, 1996; Russ, Scherr,
Hammer, & Mikeska, 2008; Schauble, 1996). Mechanistic or causal
reasoning has been found to be crucial for understanding science phe-
nomena (Carey, 2000) and is valued within scientific argumentation
(Russ et al., 2008). Through context specific instruction, students are
able to increase their ability to engage in mechanistic reasoning
(Duncan & Tseng, 2010; Hmelo-Silver, 2004).

Engaging in argumentation about science ideas is an important tool for
science learning in the classroom (Bell, 2004; Osborne, Erduran, &
Simon, 2004) and a core component of authentic scientific thinking
(Bathgate et al., 2015; Toulmin & Rieke, 1984). Engaging in argu-
mentative activities in classroom science has been shown to develop
scientific thinking (Koslowski, 1996; Kuhn, 1992; Sadler & Zeidler,
2005) and promote conceptual change (Andriessen, 2006). Further,
targeted instruction with particular attention to a learning progression
can improve student’s ability to engage in scientific argumentation
(Berland & McNeill, 2010). Given the breadth of argumentation in
science and a limited space to measure the construct in our assessment,
we focused on students’ ability to connect claims to evidence, including
prioritizing among forms of justification to use as evidence, and re-
futing alternative claims. These specific elements were chosen as they
are fairly consistent across the frameworks used to assess student ar-
gumentation (Sampson & Clark, 2008) and are associated with co-
herence of the explanation.

Understanding the changing nature of science (e.g., that theory is
grounded in evidence and is revised with new methods and evidence) is
a critical meta-understanding component of science learning, especially
science learning based in the practices of science. The National Science
Teachers Association (NSTA) argues that “all those involved with sci-
ence teaching and learning should have a common, accurate view of the
nature of science” (NSTA, 2000). A weak understanding of the nature of
science has been linked to students misunderstanding of scientific
practices (Osborne, Collins, Ratcliffe, Millar, & Duschl, 2003; AAAS,
1994). Instruction on the nature of science, when grounded in learner’s
experience in science research projects, enhances students under-
standing of how science works (Duschl & Grandy, 2012).

1.2. Background on the development of an SSM assessment

To test our theoretical claims about the coherence of scientific
sensemaking and the function of SSM in science learning, we needed to
develop a functional SSM assessment. Developing such a measure in-
volved several challenges. In this section, we describe the challenges
and our strategies for addressing these challenges.

Content-integrated but not rare content-dependent. It is difficult to
meaningfully engage in scientific sensemaking void of content (NRC,
2012). However, in measuring scientific sensemaking, our focus is on
the ability to apply the practices themselves in some meaningful science
situation. To address this challenge, we embedded our instrument
within scenarios that leverage common, rather than rare, science con-
tent knowledge. We also structured our scenarios to include and sup-
port access to the necessary content knowledge within the assessment.
This approach is also used in the PISA assessments of scientific literacy
competencies (OECD, 2017).

Effort worthy. Engaging in scientific sensemaking requires effort, and
there is often little incentive for students to put forth effort to perform
on an assessment, and ability scores are confounded by motivational
levels. In order to motivate students to put forth effort, the content we
selected for the assessment scenarios were so-called “charismatic mega-
fauna” (i.e., dolphins and monkeys), in which a widely-shared interest

in the topic (at the tested ages) motivates some basic level of effort
(Bathgate, Schunn, & Correnti, 2014).

Repeated measurement. In order to measure gains in scientific sen-
semaking, we needed to be able to measure the construct multiple times
for the same individuals. Using the same instrument in a pre/post set-
ting can invite repeated testing effects wherein students can remember
correct answers. To address this challenge, we developed multiple
versions of the instrument, changing the animal in the content (from
dolphins to monkeys), but maintaining the structure of the assessment,
the ways in which the sub-constructs were assessed, and the overall
length.

1.3. Study goals

We present a large-scale study that was designed to vet the psy-
chometric properties of an SSM instrument and test two core research
questions using this instrument:

RQ1: Do variations in initial SSM abilities predict science content
learning gains across diverse learning contexts and content?
RQ2: Can SSM abilities be improved through high cognitive en-
gagement in science instruction?

The psychometric properties are presented to address the coherence
of sensemaking in an overall construct. The first research question ad-
dresses the theoretical issues of transferability of practices across sci-
ence disciplines and instructional approaches to support learning new
content for all learners. The second research question addresses the
practical viability of sensemaking as a target of science instruction,
rather than a difficult-to-modify cognitive capacity like working
memory (Kyllonen & Christal, 1990), intelligence (Conway, Cowan,
Bunting, Therriault, & Minkoff, 2002), or grit (Duckworth, Peterson,
Matthews, & Kelly, 2007).

2. Methods

2.1. Study overview

This work drew upon the Activated Learning Enables Success study
of 2014 (ALES14; Dorph, Cannady, & Schunn, 2016, Bathgate &
Schunn, 2017a, Bathgate & Schunn, 2017b, Vincent-Ruz & Schunn,
2017). This dataset, available to other researchers for analysis, includes
over 2500 6th and 8th grade students drawn from schools of varying
demographic makeup implementing a variety of biology or chemistry
science curriculum units over the course of a school year. The research
design, including recruitment and the measures used, were reviewed
and approved by an institutional review board. The students completed
an SSM assessment and an assessment of science content, carefully
aligned to each classes’ science instruction, pre and post the first in-
structional unit (approximately 4months long). Cognitive-behavioral
and affective engagement during science instruction was also measured
in multiple science classes, and follow-up regression analyses examined
the relationship of classroom engagement to pre-post changes in SSM
levels. The two grade levels represent a cross-section of the middle
school years, while the repeated measurements of SSM and science
knowledge provide a view of growth within middle school years. Fur-
ther, to characterize diversity in instructional approaches, measures of
classroom instructional practice (e.g., student-centric vs. teacher-cen-
tric instruction, emphasis on hands-on material use vs. use of traditional
materials) were collected through teacher logs and classroom ob-
servations. Regression analyses examined the relationship of initial SSM
levels to amount of science content learning across grades, science
content, and instructional approaches, controlling for key demographic
variables. In addition to analyses of this larger dataset, we conducted
analyses on additional data collected from a smaller subset of students
on an open-response assessment to provide additional validation of
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measures of scientific sensemaking. Further, we conducted a linking
study to allow us to compare scores from the pre assessment to the
modified version used as the post assessment. The sample participants
for each of these three studies are described in the following section.

2.2. Participants

School districts for the main study were recruited from two different
regions in the United States to ensure diversity of participants, curri-
cula, and cultural contexts (see Table 1; see Measures section for details
on demographic instruments). Most science teachers in the selected
schools agreed to participate. The first regional group included three
public school districts in the Western US, having a high proportion of
recent immigrants, English Learners, and Hispanic/Latino and Asian

students. This sample included 27 sixth-grade classes and 32 eighth-
grade classes from five schools with typical middle school arrangements
(i.e., 6th–8th grade). From publicly available data, the school demo-
graphics varied widely: students qualifying for Free/Reduced Lunch
ranging 24%–92%; Underrepresented Minority (not Caucasian or
Asian) ranging 13%–94%.

The second regional group was drawn from a mid-size city in the
Eastern U.S. characterized by a high proportion of African Americans.
This sample included 26 sixth grade classes and 21 eighth grade classes
from six public schools with widely varying student demographics
(Free/Reduced Lunch 38%–84%; Underrepresented Minority
32%–99%) and configurations (four schools were 6th–12th grade, three
of these were magnet schools focusing on the Arts, Science &
Technology, and International Languages; and two schools had typical

Table 1
Participants’ mean and standard deviations of age along with gender and ethnicity percentages across locations and by grades.

Age (Years) Race/Ethnicity

Location Grade n M SD Female White Asian African American Hispanic/Latino Other

Eastern US City 6th 773 11.5 0.7 51% 47% 5% 49% 8% 1%
8th 737 13.4 0.7 52% 55% 7% 47% 11% 1%

Western US City 6th 954 11.3 0.6 52% 41% 14% 21% 28% 1%
8th 1203 13.3 0.6 51% 44% 14% 19% 26% 1%

Note: Ethnicities sum to more than 100% due to multi-ethnic responses.

Table 2
Example items for each scientific sensemaking sub-construction from the dolphins scenario.

Sub-construct Sample Question

Generating testable questions Elijah wonders if the temperature of the water makes a difference in how much dolphins play. Which question is the best to ask to
investigate this?

a) Do dolphins play in warm water?
b) Which other animals live in the same part of the ocean as dolphins?
c) Do dolphins live in warm or cold water?
d) Do dolphins play more when the water is warm or cold?

Designing investigations or experiments You are wondering which type of dolphin eats the most amount of food per day. What is the best evidence you could get to answer this
question?
a) You observe how much Bottlenose dolphins eat in a day.
b) You find a scientific study that says that Bottlenose dolphins swim over 18 miles per hour.
c) You measure the amount of food eaten by 50 dolphins of each type.
d) You ask several people who work at an aquarium to estimate how much food each type of dolphin eat.

Interpretation of data and/or tables

Seth says that dolphins are full after they eat 12 lb of fish. Which piece of evidence in the graph makes Seth think this is true?
a) Dolphins can eat 16 lb.
b) Dolphins eat only 4 lb when given 4 lb.
c) Dolphins given 16 lb only eat 12 lb.
Dolphins given 12 lb then eat 12 lb.

Constructing mechanistic explanations Maria and Celia both think:**Dolphins are affected most by the amount of noise.**Many dolphins left the cove when there was a lot of
noise.Maria says: Dolphins cannot hear each other when there is a lot of noise, so they leave.Celia says: Dolphins leave because it is
noisy, so when there is a lot of noise they leave.Whose reasoning for why the dolphins leave the cove is more scientific?
a) Celia because she repeats the important idea.
b) Maria because she explains how the noise causes a problem.
c) Celia because she uses data collected from a study.
d) Maria because I would also leave if my environment was noisy.

Nature of Science Dr. Powers is investigating how dolphins communicate with each other. Which of these would be an important part of her work as a
scientist?

a) Ask people if they have a favorite type of dolphin.
b) Talk to other scientists about dolphins.
c) Decide if dolphins are more popular than sharks.
d) Write imaginative stories about dolphins.
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6th–8th grade middle school arrangements).
To gather further validity evidence for our measure of scientific

sensemaking, the research team examined responses on existing open-
ended assessments that were part of the classroom curriculum broadly
shared across the second regional group. Small modifications were
made to some of the classroom assessments before deploying them so
that each open-ended question consistently called upon a part of sci-
entific sensemaking (e.g. asking questions, arguing from evidence).
Rubrics were developed to measure the components of sensemaking in
the open responses. This data was obtained from 348 students (46%
Female), coming from six urban public schools all from the second re-
gional group, while still representing a range of school configurations
and student demographics (45% Caucasian; 42% African American; 5%
Asian; and 8% Hispanic).

To determine if instructional practice might change levels of SSM, it
was necessary to establish equivalency across the two versions of the
SSM instrument using a linking study (i.e., place pre and post scores are
on the same scale). 121 7th grade students were recruit for a linking
study from an urban school not participating in our larger study, but in
one of the participating school districts and similar to many of the
schools in the larger study (64% Caucasian; 16% African American; 8%
Asian; 5% Hispanic; and 7% Multiracial).

2.3. Measures

Scientific sensemaking. The scientific sensemaking instrument con-
sists of 12 items all contextualized within a particular scenario. Items
are presented in a specific order to represent a coherent investigation
into a topic (e.g., going from asking questions to analyzing data to
evaluating explanations). For this study, the two contextualizing sce-
narios involved dolphins and monkeys respectively. Below, in Table 2,
we offer several example items from the dolphins scenario. Although
the items are contextualized with meaningful science content, they rely
on broad, rather than specific knowledge. For example, it assumes that
respondents know that dolphins are animals and that they live in water.
It does not assume that students know how much food dolphins eat,
what parts of the world they live in, or any other rare or specialized
dolphin knowledge. Each item is associated with a sub-construct of
scientific sensemaking included in our assessment. Student responses
are recoded as correct (1) or incorrect (0), for each item. See the online
Appendix for the full version of both the Dolphins and Monkeys in-
strument and the coding of each item.

A series of steps were followed to generate an instrument that could
provide valid inferences for the purposes identified here (see, e.g.,
Kane, Crooks, and Cohen, 1999; Kane, 2006). In this section, we de-
scribe, the instrument iterative development process, including data
collection with open-ended items, expert review, and cognitive labs
conducted with pilot students. We conclude with the psychometric
properties of the instrument.

First, the definition of the construct and the development of an in-
itial instrument was conducted by a team of researchers with diverse
expertise in scientific research and science learning. This development
model ensured capturing the way scientists think. Further, once an
initial item set was developed, we invited multiple rounds of outside
experts in the field to provide advice and feedback on our instrument.
The initial instrument involved a number of open-response items (e.g.,
asking students to suggest good questions to investigate). A quantitative
study using this instrument revealed that there was a very high corre-
lation between performance on only the multiple-choice items and the
whole instrument (Bathgate et al., 2015). Since coding open-responses
is very time-intensive and the current investigation required a large
number of participants, a revised instrument was created that used only
multiple-choice items. Information taken from student responses to the
open-ended items to construct the closed-ended items (e.g., kinds of
questions asked, mechanisms considered, arguments provided).

After revisions were made, we used cognitive labs to establish a

strong link between the cognitive process, the observed response, and
the interpretation of that response (Leighton, 2004). In particular, re-
searchers asked pilot students taking the survey one-on-one with the
researcher to articulate the items in their own words and explain why
they have chosen their answer. The responses were audio recorded and
transcribed. Researchers reviewed these transcripts to verify the clarity
of the items, to understand uniqueness of interpretation, and to de-
termine if there were discrepancies between the item and the response
options or evidence of gender or ethnicity bias in response options.
Revisions were made as needed, and the process was repeated until the
assessment questions consistently demonstrated internal validity. Note
that this same systematic qualitative and quantitative instrument de-
velopment process was also followed for all the scales used in the
current study (Dorph et al., 2016, Bathgate & Schunn, 2017a, Vincent-
Ruz & Schunn, 2017, Dorph, Bathgate, Schunn, & Cannady, 2018).

Because the scientific sensemaking assessment is new, and the in-
ferences drawn from in this study depend heavily on the measure itself,
we present the validity evidence for the measure including its psycho-
metric properties and its relationship to other measures of sensemaking.
These provide evidence of the validity of the inferences drawn from the
instrument, as well as evidence of the coherence of the sub-dimensions
as an overall scientific sensemaking ability.

Reliability. Armor’s theta coefficients were produced using R. The
resulting θcoefficients based on the full 12-item scales were 0.89 and
0.91 for the Dolphins scenario and Monkeys scenario, respectively (see
Table 3 for mean scores and standard deviation).

Confirmatory factor analysis. Confirmatory factor analyses (CFA)
were conducted on each of the two scenarios through Mplus (Version
7.11) utilizing the mean- and variance-adjusted weighted least square
(WLSMV) estimator. A one-factor model was produced for each scale,
then examined for adequately large factor loadings and model fit sta-
tistics. Factor loadings based on the full 12-item scales were generally
satisfactory for both scenarios, ranging between 0.38 and 0.77 for the
Dolphins scenario, and 0.36 to 0.86 for the Monkeys scenario (Costello
and Osborne, 2011). Model fit statistics were also satisfactory for both
scales (Dolphins: CFI= 0.99, TLI= 0.98, RMSEA=0.03; Monkeys:
CFI= 0.99, TLI= 0.99, RMSEA=0.03; Byrne, 2001; Hu & Bentler,
1999). Overall, the results indicated that a unidimensional model was a
satisfactory fit to the data for each scale.

IRT analysis. We conducted an Item Response Theory (IRT) analysis
to ensure a distribution of difficulty levels across items. In the
Appendix, we include a Person-Item map, which shows the relationship
between respondents' abilities and item difficulty on the Monkeys
version of the SSM scale to provide a sense of which items were chal-
lenging to students across different SSM ability levels. Since the cor-
relation between IRT scores and mean scores is very high (r= 0.99) for
both the scenarios, mean scores are used for the remaining analyses.

Relationship to embedded assessments. Seeking to understand the re-
lationship between our measure of scientific sensemaking and other
ways of assessing scientific sensemaking in different contexts, we
compared scores on our instrument to those on embedded classroom
assessments. In a separate study, we obtained classroom assessments
that were linked to the content of learning in the classroom and called

Table 3
Means, SD and reliability (Alpha for rating scales and Theta for dichotomous
accuracy items) for each of the student assessments. SSM means are raw, prior
to rescaling.

Scale # of items Alpha Theta M SD

Cognitive/Behavioral Engagement 5 0.80 2.9 0.5
Affective Engagement 3 0.84 2.7 0.6
Pre-Content Knowledge Assessment 18 0.6 42% 21%
Post-Content Knowledge Assessment 18 0.7 49% 20%
SSM-Dolphins 12 0.89 6.9 3.1
SSM-Monkeys 12 0.91 5.7 2.7
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upon some of the same process of scientific sensemaking (e.g. asking
questions, arguing from evidence) measured in our scale. The classroom
assessment was open-ended and rubrics were developed to measure the
components of sensemaking, rather than content knowledge. The rub-
rics were first compared across multiple raters until sufficient inter-
rater reliability was reached (weighted kappa= 0.86). The scores from
the two methods of measuring sensemaking correlated at 0.37
(p < 0.05), indicating a statistically significant correlation with sen-
semaking scores with open-ended responses. Taking into account the
noise from coding brief open-ended assessments that also captured only
some of the sub-constructs in sensemaking and did so in a different
content domain, the medium-sized, yet statistically significant, corre-
lation implies that our multiple-choice assessment provides information
similar to what would be obtained from an open-ended scientific sen-
semaking assessment.

Engagement in science learning activities. The engagement survey has
two scales that are administered immediately after a learning activity to
measure engagement during the activity to eliminate memory biases
(Dorph et al., 2016). The instrument, built on theoretical and empirical
research on engagement in classrooms (e.g., Carini, Kuh, & Klein, 2006;
Finn, Pannozzo, & Voelkl, 1995; Fredricks, et al, 2004; Fredricks, et al,
2011), was also developed through extensive iterative development of
expert review, cognitive labs, quantitative testing (including ex-
ploratory and confirmatory factor analysis and IRT analyses), and
comparison with observation of student engagement in several contexts
(Dorph et al., 2016; Vincent-Ruz & Schunn, 2017). The first scale has 5
items and measures students’ self-reported behavior and cognitive en-
gagement during a science learning activity (Fredricks, Blumenfeld, &
Paris, 2004). Example items from this scale include; I was focused on
the things we were learning all of the time; I was busy doing other tasks;
Time went by quickly. Response options are: YES!, yes, no, NO!. The
second scale has 3 items and measures students’ affective engagement
during the same learning activity, and uses the same response options.
The items include: I felt happy; I felt excited; I felt bored. Each scale is
unidimensional and has sufficient reliability (alpha > 0.8; see
Table 3), and the entire instrument can be completed in less than 5min.
Since IRT analyses revealed equal distance between Likert response (see
http://www.activationlab.org/tools/ for confirmatory factor analyses,
and item response theory analyses) and the correlation between IRT
scores and mean scores are high, mean scores are used for analyses.

Content knowledge assessment. Given the wide range of classrooms
recruited for this study, different pre/post-content knowledge tests
were used to assess how much the students learned from their class-
room instruction during the period of the study. Each classroom was
given an assessment that matched the content taught in their curri-
culum (e.g., a biology assessment for a biology-focused curriculum and
a chemistry assessment for a chemistry-focused curriculum). Test-spe-
cific z-scores were used to make the scores comparable across forms,
thereby measuring relative student gains within each class adjusted
across classes for the content covered by their teacher. Each test form
consisted of 18 multiple choice questions drawn from released TIMSS
(Mullis, Martin, Gonzalez, & Chrostowski, 2004), AAAS (Laugksch &
Spargo, 1996), and MOSART (Sadler et al., 2010) items (e.g. “What is
the primary energy source that drives all weather events, including
precipitation, hurricanes, and tornadoes?” (a) the Sun, (b) the Moon, (c)
Earth's gravity, or (d) Earth's rotation). To create the test forms, tea-
chers described the specific content learning goals for the instructional
unit in a survey, and a draft assessment was created by selecting
matching items from the items banks. These drafts were shared with
each teacher and each teacher crossed out items that they did not ex-
pect to be included in their instruction over the study period. The
process resulted in five different tests for 6th grade and four different
tests for 8th grade. These assessments had acceptable reliability (see
Table 3 for mean reliability, theta). Note that reliability of content as-
sessments is typically lower at pretest given a higher rate of guessing
due to lack of prior exposure to the content. Table 3 also includes mean

percent correct at pre and posttest to show that students generally
found the tests difficult, but there were not floor or ceiling effect pro-
blems that would artificially reduce variability across students.

Background survey. Participants provided demographic information
in a survey that asked them about their sex, date of birth, and race/
ethnicity. Students were asked to select among six different racial/
ethnicity options with which they identified, and were allowed to
choose more than one. From the ethnicity data, a binary variable called
Underrepresented Minority was created: Students who choose only
White, only Asian, or White and Asian, were coded as “0″; all others
were coded as “1”.

Curriculum materials used. To assess whether SSM predictiveness of
content learning varied by type of classroom instruction, teachers
completed a teacher log asking them to rate what percentage of class-
room time over the prior week was dedicated to traditional instruction
vs. hands-on classroom activities (see Table 4). Teachers completed this
log once per month, giving us four teacher self-assessments. Teachers
responded by rating the percent of time that week devoted to each task.
The scale was found to be unidimensional with all items having a factor
loading greater than 0.6. Mean responses across the teacher logs were
computed for each teacher within each item, and then a ratio of time
spent doing Hands-on type activities vs. Traditional Instruction was
calculated. We found that teachers reported teaching behaviors
throughout the spectrum from hands-on to traditional. Further, there is
an important role for different materials and formats in instruction,
instruction that was purely hands-on would not be sensible and de-
monstrations can play an important role in inquiry. The problems arise
when students are given too high a ratio of materials consumed in re-
latively passive ways. We therefore split teachers in the top 35th per-
centile of the scale distribution into the “hands-on” materials category
and teachers in the bottom 35th percentile as a part of the “traditional”
materials category. The rest of the teachers were classified as “mixed”
to refer to the use of mixed instructional materials; this group was re-
moved for the analysis of interactions by materials used to provide a
strong test of this effect.

Classroom discourse. Another feature of classroom instruction that
may influence whether SSM predicts content learning is the kind of
classroom discourse. Therefore, when researchers were in classrooms to
administer the engagement surveys, they also implemented an ob-
servation protocol focused on the classroom instruction. In particular,
they rated the type of instruction in the classroom (dialogical vs. direct
instruction). This dimension was assessed by observation rather than
teacher self-report because of demand characteristics associated with
this dimension (i.e., teachers realize that dialogical instruction is con-
sidered best practice). To minimize rater fatigue, observers were asked
to observe for 5-minute periods at multiple times during the class and
record how long during those five minutes they observed different
forms of classroom dialog (see Table 5). The scale was found to be
unidimensional with all items having a factor loading greater than 0.6.
Mean ratings were computed for each teacher, and then a ratio of time
spent doing dialogic vs. direct instruction was calculated. Again, we
found classroom discourse practices throughout the spectrum from
dialogical to direct instruction. We therefore split teachers based on top

Table 4
Teacher log survey questions regarding activity type found in the curriculum.

Question Materials used

Students read (alone or aloud) from a book or other
informational text.

Traditional

Students listened to a lecture or presentation. Traditional
Students watched a live or video-based demonstration. Traditional
Students used an interactive or simulation on the computer. Hands-on
Students did a hands-on activity. Hands-on
Students used tools that scientists use (microscope, beakers,

pipettes, etc.).
Hands-on

M.A. Cannady, et al. Contemporary Educational Psychology 59 (2019) 101802

6

http://www.activationlab.org/tools/


35th percentile of the scale distribution into “dialogical”, the low 35th
percentile was classified as “direct instruction” classroom discourse.
The rest of the teachers were classified as mixed; this group was re-
moved for the analysis of interactions by discourse to provide a strong
test of this effect.

2.4. Procedure

Students completed surveys across six time points (see Table 6 for a
summary), two early in the Fall semester, two in the middle, and two at
the end of the semester. As demonstrated in Table 6: (1) The Scientific
Sensemaking Dolphins scenario was administered during one class
period in early Fall. (2) The pre-content knowledge assessment, fol-
lowed by a demographics survey (to avoid stereotype threat Spencer,
Steele, & Quinn, 1999), were administered during another class period,
one to two weeks later. (3) & (4) Cognitive-behavioral and affective
engagement were measured at the end of class on two different days in
October and November. (5) The Scientific Sensemaking Monkeys sce-
nario was administered during one class period in in late January or
early February, approximately 4months after the SSM instrument based
on the Dolphins scenario. (6) A week later, the posttest on content
knowledge was administered in one class period.

For the study linking the scores from the Dolphins scenario to the
Monkeys scenario we gave a different group of students the Dolphins
and Monkeys scenario-based assessments one week apart. We used a
counterbalancing of scenario order: half of the students were randomly
assigned to take the Dolphins scenario first while the other half took the
Monkeys scenario first.

3. Results

RQ1: Do variations in initial SSM abilities predict science con-
tent learning gains across diverse learning contexts and con-
tent?

To address RQ1, we begin with an overall test of whether scientific
sensemaking is an independent predictor of students' content learning.
For this set of analyses, we use a statistical significance threshold of
p < 0.05 for main effects and interactions. First, we calculated the
correlations between students’ scores on the scientific sensemaking
assessment with their scores on the content knowledge pre and postt-
ests. These results are shown in Table 7. Scientific sensemaking is

correlated to both the pre and posttests of content knowledge (0.43 and
0.44, respectively). These correlations are not so high as to cause
multicollinearity problems in our multiple regressions. Further, these
medium-sized correlations indicate that the instruments are likely
measuring related, but separate constructs.

We ran a 2-two level hierarchical linear model (HLM) to control for
nested data effects within classrooms and schools using the lme4
package in R (Bates et al., 2014). The conditional R2 was computed
using the method provided by Nakagawa and Schielzeth (2013). It es-
timates the proportion of variance explained by the whole model ac-
counting for the fixed and random factors. Model 1, below in Table 8,
represents the fully unconditional model. In this model, we found an
intraclass correlation of 0.17, implying that 17% of the total variation
in the sample is between classrooms rather than between individuals.
Given the magnitude of the ICC, we conducted the rest of our analyses
in HLM. Model 2 is the HLM model predicting the content posttest score
using only the content pretest score as a predictor. Finally, in Model 3
we added in scientific sensemaking as a predictor. Table 8 shows how,
even though prior content knowledge accounts for the greatest amount
of variation in the content knowledge posttest score, scientific sense-
making accounts for 8% of the variance and the standardized beta is in
similar magnitude to that of the pretest. These results are consistent to
those found by Bathgate et al. (2015) using a prior version of this
measure and a different but similar dataset (ALES11).

Is scientific sensemaking more important for some science topics than
others? We account for the possibility that the biology-focused topic of
the scientific sensemaking instrument (Dolphins) may have a differ-
ential predictive utility for students studying biology compared to those
studying a physics or chemistry curriculum. To test this possibility, we
selected two groups of 8th grade students from our dataset (the 6th
graders could not be cleanly divided into sufficiently large topic sub-
groups). The first group had studied a biology curriculum (6 teachers,
24 classrooms n= 602). The second group studied an introductory
chemistry curriculum (6 teachers, 12 classrooms n= 352). We con-
ducted a t-test by topic to verify there were not different underlying
distributions between the two groups on initial scientific sensemaking
scores (mean difference= 0.42, p=0.44). Then we tested for an in-
teraction between initial scientific sensemaking scores and the curri-
culum’s topic in predicting posttest content knowledge scores, while
controlling for pretest content scores. The interaction with curriculum
topic was small and not statistically significant (SSM X Bio b=-0.10,
p=0.1), and the main effect of scientific sensemaking remained sta-
tistically significant (SSM b=0.20, p < 0.001). Fig. 1 shows the
nature of this relationship. In order to better understand how different
levels of scientific sensemaking may relate to curriculum topic, we
binned scientific sensemaking in three groups using quantile binning

Table 5
Classroom discourse observation protocol.

Item Teaching type

Students and teachers are talking to each other: Large group Dialogic
Students and teachers are talking to each other: Small group

or one-on-one
Dialogic

Students and teachers are talking to one another about the
lesson

Dialogic

No one is talking Direct Instruction
Teacher is directing the talk in the room. Student talk is

limited to call & response/IRE
Direct Instruction

Table 6
Administration time of year and amount of class time for each survey instrument.

Administration Class time Survey

Mid September 1 class period Scientific Sensemaking Survey (Dolphins Scenario)
Early October 1 class period Pre-content knowledge assessment & Demographics
October once during the last 5min of class Engagement
November once during the last 5min of class Engagement
Late January/Early February 1 class period Scientific Sensemaking Survey (Monkeys Scenario)
Late January/Early February 1 class period Post-content knowledge assessment

Table 7
Inter-correlation of pre and posttest content knowledge with pretest sense-
making scale scores. All correlations were significant at the p < 0.01 level.

Knowledge Post-Test
Score

Scientific Sensemaking

Knowledge Pre-Test Score 0.56 0.43
Knowledge Post-Test Score – 0.44
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against the estimated marginal means of posttest z-scores after con-
trolling for other covariates. This grouping was for visualization pur-
poses only; the regression test of the interaction used the continuous
SSM measure. Further note that a negative posttest z-score on the graph
is not indicative of students unlearning something they already knew,
but rather, that they scored below their classroom’s mean. The graph
shows how students in both groups achieve high content learning gains
when they have higher initial scientific sensemaking skills.

Are there important differences in the distribution of scientific sense-
making scores by sex, ethnicity or grade-level? We then proceeded to test
whether sex, grade, or race/ethnicity act as moderators on the way
sensemaking predicts posttest content knowledge scores (Table 9). We
found no moderation of scientific sensemaking’s relationship to
learning by sex, grade, or race/ethnicity, implying that SSM plays an
important role in science content learning across subgroups, including
those subgroups who are traditionally underrepresented and margin-
alized in science education. We provide a visual representation of these
relationships in Fig. 2 by plotting the estimated marginal means for
each group controlling for pretest z-scores; the regression test of the
interaction used the continuous SSM measure.

Does the relationship between scientific sensemaking and learning gains
vary by the instructional style in the classroom? Scientific sensemaking
could be more important for learning in classrooms focused on hands-
on or inquiry-based instruction than in classrooms with traditional in-
struction. For example, a classroom that consists of primarily struggle
free activities (like the ones typical of textbook or lecture-based in-
struction) may lead students to a view of science as being a passive
compiling of new information. Such a view of science may not call upon
the use of scientific sensemaking abilities (Schweingruber, Keller, &
Quinn, 2012). Further, scientific sensemaking abilities may have a
larger role in student-centric classrooms, where students are active

participants and have greater opportunity to make sense of information
than in teacher-centric classrooms. To test these possibilities, we con-
ducted two hierarchical linear regression models in order to test for
possible moderation effects of classroom discourse or material-use on
scientific sensemaking’s impact on knowledge posttest scores (Table 10;
see Fig. 3). Again, the regression analysis uses the continuous variable,
the binning of low, medium and high SSM is for display purposes. None
of these moderation effects were statistically significant (discourse
b=0.05, p=0.22; materials, b=-0.05, p=0.26). Generally
speaking, the higher SSM students made almost 0.7 standard deviations
greater gains than did lower SSM students (controlling for differences in
prior content knowledge), which is a moderate effect. Note that the lack
of statistically significant interactions also held when the discourse and
materials-used measures were treated as continuous measures rather
than categorical measures.

Are all the sub-constructs of scientific sensemaking predictive of
learning? Having found that the overall scientific sensemaking score is
an important predictor of content knowledge posttest scores across
learning contents, contexts, and student populations, we wanted to
address the possibility that not all the components of scientific sense-
making are predictive of science learning. Because we had too few
items for interpreting data, we merged it with engaging in argu-
mentation since the interpreting item also involved some engagement
in argumentation. Thus, we created four sub-scores of scientific sense-
making, one for each of following sub-constructs: (1) asking good
questions, (2) seeking mechanistic explanations for natural and phy-
sical phenomena & engaging in argumentation about scientific ideas,
(3) designing investigations, and (4) understanding the changing nature
of science. In calculating these sub-scores, we do not mean to imply that
these are sufficient measures of each of these constructs to inform in-
struction nor do we mean to imply that these are the only important

Table 8
Models testing the effect of scientific sensemaking on knowledge post-test scores, controlling for knowledge pre-test scores.

Model 1: Baseline Model 2: Pre-test Only Model 3: + Sensemaking

β p β p β p

Knowledge Pre-Test Score 0.51 < 0.001 0.40 < 0.001
Scientific Sensemaking 0.29 < 0.001
R2 conditional 0.34 0.42
ICC 0.17 0.06 0.06
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Fig. 1. Estimated marginal means of adjusted posttest scores, controlling for pretest z-scores, for the interaction of binned scientific sensemaking scores and cur-
riculum topic.
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aspects of scientific sensemaking. Rather, we are testing whether each
of the components of the larger construct are themselves contributing to
science learning, taking into account the large correlations between the
sub-construct scores (see Table 11). Model 9 (see Table 12) shows the
predictive relationships of each sub-construct with knowledge posttest
scores (asking questions, b=0.09, p < 0.001; design of experiments,
b=0.08, p < 0.001; arguing with evidence, b=0.12, p < 0.001;
nature of science, b=0.11, p < 0.001). This implies that each sub-
construct is a statistically significant predictor of science learning and
uniquely contributes to knowledge posttest scores.

RQ2: Can SSM abilities be improved through high cognitive
engagement in science instruction?

To determine whether gains in SSM occurred, it was necessary to
determine the precise relationship across the pre and post SSM sce-
narios. Methodologically, this calculation is achieved through a linking
study that allows us to convert the score from one assessment to a score
on the other assessment. We describe the results of the linking substudy
first, and then return to analyses of change in SSM scores from pre to

post in the larger study.
Scientific sensemaking measure linking substudy. To link the scores, we

used the item response theory (IRT) True Score Method to determine
the corresponding ability estimate on the Monkeys scenario for the

Table 9
Models testing the interactions of scientific sensemaking with sex, race and grade on knowledge posttest scores, controlling for knowledge pretest scores.

Model 4: Grade Interaction Model 5: Sex Interaction Model 6: Ethnicity Interaction

β p β p β p

Knowledge Pre-Test Score 0.40 < 0.001 0.44 < 0.001 0.43 < 0.001
Scientific Sensemaking 0.31 < 0.001 0.29 < 0.001 0.27 < 0.001
Grade 0.02 0.62
SSM×Grade −0.05 0.23
Sex 0.00 0.84
SMM×Sex −0.04 0.34
Underrepresented Minority −0.09 0.03
SMM×Underrepresented Minority −0.01 0.74
R2 conditional 0.41 0.42 0.44

Fig. 2. Estimated marginal means of adjusted post-test knowledge scores, controlling for pretest z-scores, for the interaction of binned scientific sensemaking with (a)
grade, (b) race/ethnicity, and (c) sex.

Table 10
Models testing interactions effects on knowledge posttest scores of scientific
sensemaking with curriculum materials and classroom dialogue.

Model 7: Classroom
Dialogue Interaction

Model 8: Curriculum
Type Interaction

β p β p

Knowledge Pretest Score 0.39 < 0.001 0.41 < 0.001
Scientific Sensemaking 0.28 < 0.001 0.23 < 0.001
Classroom Dialogue 0.05 0.22
SSM×Classroom Dialogue 0.00 0.91
Curriculum Materials −0.05 0.26
SMM×Curriculum

Materials
0.08 0.17

R2 conditional 0.38 0.42
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ability estimate on the Dolphins scenario. Below we describe the pro-
cess (Kolen & Brennan, 2014):

1. Each item on both test forms was scored as either correct (1) or
incorrect (0).

2. Using a 2-parameter model in IRTpro, we calculated estimates for
each item’s difficulty (how difficult the item is to answer correctly)
and discrimination (how well the item distinguishes high ability
students from low ability students). This was done for both test
forms at the same time, and inserted into the model as if they were
all a part of the same test given all at the same time. This allows for
the item parameters (difficulty & discrimination) for both assess-
ments to be estimated on the same scale.

3. Once the initial estimates were calculated, we fixed, or “anchored”,
the item parameters (discrimination and difficulty) for all the items
on the Dolphins scenario. Using these as the anchor, we estimated
the score for each respondent on the Monkeys scenario using the
Newton-Rapson Method, an iterative process for finding the overall
best model fit. Said another way, given the ability estimate for each
student on the Dolphins scenario, we can calculate the probability
they get the correct answer for each of the items on the Monkeys
scenario. Summing these probabilities gives us the ability estimate
on the Monkeys scenario and a way to link ability estimates across
the two forms. This method allows us to convert scores between
forms of two assessments measuring the same construct. A second
order equation was fit to the data (R2= 0.99) allowing for con-
version of scores across the two scenarios.

Instructional impact on scientific sensemaking. With linking scores
established, we then could examine how much scientific sensemaking
changes through instruction. To act as a resource for learning, it needs
to have some stability over time. But if it does not change at all during
instruction (especially for cases of instruction that was inquiry-based),
it has little practical value for educators. In other words, we wish to
assess whether SSM is semi-malleable. This semi-malleability can be
shown through test-retest reliability and analysis of change with

Fig. 3. Estimated marginal means of adjusted post-test scores, controlling for pre-test z-scores, for the interaction of binned scientific sensemaking and (a) observed
classroom dialogue type or (b) teacher-reported curriculum materials used.

Table 11
Polychoric correlations between scientific sensemaking sub-construct scores.

Design of
Experiments

Explanations &
Argumentations

Nature of
Science

Asking Questions 0.69 0.53 0.72
Design of Experiments – 0.68 0.81
Explanations &

Argumentations
– 0.72
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instruction. In terms of test-retest reliability, the correlation between
pre and post sensemaking scores is moderate (r= 0.58), and mean
scores changed from 4.2 to 6.9 (in adjusted scores in units of the
Monkeys assessment), representing a Cohen’s d of 0.51. This level of
stability is high enough to argue for its stability (i.e., that both test
forms are measuring the same construct and students carry their initial
SSM abilities throughout the semester of instruction) but not so high
that one could argue that students’ scientific sensemaking did not
change during those four months.

To test whether scientific sensemaking appears to be modifiable
through classroom experience, we conducted a multiple linear regres-
sion with cognitive-behavioral and affective engagement predicting
post-scientific sensemaking scores while controlling for pre-scientific
sensemaking scores (see Table 13). Cognitive-behavioral engagement
accounts for a statistically significant 5% of the variance in post-sci-
entific sensemaking scores, but affective engagement was not statisti-
cally significant. The results are as expected since cognitive/behavioral
engagement in classroom activities are more likely to be related to
sensemaking skill development than affect during the lesson which may
be influenced from on or off task behaviors.

4. General discussion

We sought to unpack the generality of foundational scientific
practices for learning science content knowledge across instructional
contexts and whether students’ level of mastery of these practices can
be meaningfully characterized with an overarching scientific sense-
making level, rather than only measuring isolated practices. We pro-
vided evidence in support of our hypothesis that: (1) there is a general
overall mastery level of core scientific practices; (2) it supports learning
in new science content areas; and (3) it may be modifiable through
instruction. In the next section, we discuss these findings and the lim-
itations of our study. We then go on to discuss the instrument itself and
scientific sensemaking’s relationship to PISA scientific literacy compe-
tencies and to the NGSS. We then describe the implications of this in-
strument and these findings for the field, specifically for the design of
science learning experiences that focus on building a sensemaking

activity.

4.1. Do variations in initial SSM abilities predict science content learning
gains across diverse science contents, learners, and instructional methods?

Across our diverse sample of learners and a diverse set of science
topics, we found that scientific sensemaking is a positive covariate of
science learning. Learners both in biology and non-biology classrooms
with higher scientific sensemaking abilities demonstrated greater in-
creases in science content knowledge even though the SSM scenarios
involved biology content. This suggests that scientific sensemaking may
be a broadly transferable skill across content areas within science. It
may be that the focus on practices as sensemaking (rather than rituals
or disconnected processes) in particular facilitates transfer (Nokes-
Malach & Mestre, 2013).

We also tested for possible interactions with learner characteristics.
As adolescence is a stage of great developmental change, for example,
critical reorganization of regulatory systems (Steinberg, 2005) and
large sex-specific physiological changes (Staurt, Shock, Breckenridge, &
Vincent, 1953); it is possible these changes have influences on the re-
lationship between SSM and content learning. We indeed found some
main effects of race/ethnicity on post-content knowledge scores that
are consistent with race/ethnicity achievement gaps reported pre-
viously in the literature (e.g., Quinn & Cooc, 2015). However, we found
no evidence of interactions of scientific sensemaking with sex, age, or
race/ethnicity. This may suggest a broad generality of SSM to be pro-
ductive for learner’s across learner characteristics typically implicated
in science learning outcomes. Such findings are important for building a
vision of effective science learning that is not culturally biased or
prioritizing ways of reasoning that are not broadly productive; it also
speaks against perceptions students, teachers, and parents might have
regarding learning styles that specific students might not able to learn
via engaging in the practices and instead would benefit more from
traditional instruction.

Interestingly, SSM accounted for a higher percent of the variance
than did classroom clustering, which embeds the effects of the many
important variations among teachers (years teaching, instructional
approaches, amount of content covered, etc.). We specifically tested
whether distinct instructional styles could position students to use their
scientific sensemaking skills more often and therefore demonstrate
greater learning gains. We did find a main effect of classroom discourse
on science learning; learners in student-centric classrooms tended to
have greater learning gains than learners in teacher-centric class-
rooms—note this learning effect cross-validates the measure of in-
structional style. However, we found no interaction effects with class-
room discourse or instruction type (hands-on vs. traditional). This
suggests that any benefit of scientific sensemaking in supporting science
learning is the same across instructional content, discourse, or practice
because this skill is consistent across these environments.

The finding of benefits across instructional style is theoretically and
practically important. From a theoretical perspective, it provides sup-
port for conceptualizations of scientific sensemaking as a general and
broad approach to learning, rather than a simple collection of skills that
would each be independently acquired and individually useful in par-
ticular learning contexts. For example, the ability to design studies
would only be relevant to cases in which students are allowed to design
studies. By contrast, approaching science learning as sensemaking and
having a broad set of competencies in the practices appears to enable
students to better understand that content whether they are actively
creating and analyzing data or whether they are reading about or lis-
tening to presentations about data patterns and explanations from
history.

From a practical perspective, the broad usefulness of SSM suggests
that focusing on improvements in SSM at younger grades will benefit
learners for many years even if the older grades are slower to change to
newer instructional approaches, or more generally that learners who

Table 12
Models testing the effect of scientific sensemaking individual sub-constructs on
knowledge posttest scores.

# of Items per Sub-
construct

Model 9: Sensemaking Sub-
Constructs

β p

Knowledge Pretest Score 0.40 < 0.001
Asking Questions 2 0.09 < 0.001
Design of Experiments 3 0.08 < 0.001
Arguing with Evidence 3 0.12 < 0.001
Nature of Science 4 0.12 < 0.001
R2 conditional 0.42
ICC 0.06

Table 13
Models testing the effect of engagement on scientific sensemaking posttest
scores, controlling for pretest scientific sensemaking scores.

Model 10: Baseline
Model

Model 11: + Engagement

β p β p

Scientific Sensemaking 0.51 < 0.001 0.55 < 0.001
Cognitive/Behavioral

Engagement
0.09 < 0.001

Affective Engagement 0.01 0.57
R2 conditional 0.35 0.40
ICC 0.08 0.07
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experience alternations between reform-oriented instruction and tra-
ditional instruction should show benefits during both traditional and
reform instruction from earlier gains in SSM.

4.2. Can SSM abilities be improved through high cognitive engagement in
science instruction?

We argue that our scientific sensemaking instrument is assessing a
malleable set of skills and understandings rather than a relatively fixed
ability like general intelligence. If we were measuring general in-
telligence, we would have found higher correlation scores between pre
and post sensemaking scores. Further, we found that cognitive/beha-
vioral engagement in classroom activities was predictive of increases in
scientific sensemaking scores, implying that they can be changed
through cognitive and behavioral practice in a science learning setting.
Similarly, the finding that affective engagement was not predictive of
changes in scientific sensemaking provides further discriminative va-
lidity to the hypothesized causal relationship. Note, however, that we
do not argue that affective engagement is unimportant. Rather, we
argue that affective engagement is important for motivational devel-
opment, such as growing (or declining) interest in science (Fredricks
et al., 2004; Vincent-Ruz & Schunn, 2017). Collectively, these results
point to the semi-malleable nature of the scientific sensemaking mea-
sure and differentiates the underlying construct from general in-
telligence.

5. Limitations

The current study has several limitations that constrain the in-
ferences we can draw from our results. Here we discuss those limita-
tions and the influence they have on potential inferences. We developed
our measure by selecting a number of scientific practices that have
previously been argued to be important for students’ science learning.
However, we did not include all practices implicated in prior literature,
most saliently the understanding and creation of scientific models
(Lehrer & Schauble, 2006). Given that scaffolded instruction around
modeling has been shown to further student knowledge acquisition
(Mulder, Bollen, de Jong, & Lazonder, 2016), we intend to include this
practice in future versions to have a broader measure of the construct of
scientific sensemaking.

The sample, although large and including of a diverse population of
students, did not include a population that was fully representative of
the US in that it included schools from only two regions in the US, it
sampled no rural schools, and only included public schools. Levels of
sensemaking skills might have been substantially lower or higher in
other regions or school contexts, and may require a broader range of
item difficulties in the assessments. Similarly, the generalization of the
findings to instruction outside of the US is not established.
Theoretically, the components of SSM are based on a broadly-shared
understanding of reform science instruction (see discussion of overlap
with PISA scientific literacy competencies below). But the details of the
SSM assessments may not fit the expectations and common content
understandings of learners in other countries. Early pilot work in
English-speaking Africa suggests some wording changes are required to
the scenarios based on cultural context differences, but the overall
scenarios were meaningful to those learners.

Analyses conducted in this study were fundamentally correlational
in nature and, therefore, do not strongly establish causality. We did rule
out reverse causal effects such as content knowledge being the cause
rather the consequence of scientific sensemaking by collecting the
variables in temporal sequential order. However, only a few other
student characteristics were included in the presented regressions. The
presented study also collected many other student level covariates
which may be drivers of student learning, such as motivational vari-
ables (i.e., fascination with science, valuing science for self and society,
competency beliefs in science), characteristics of the home support for

learning (e.g., whether the family has physical resources for learning,
whether the family supports learning), and optional science learning
experiences outside of class (e.g., summer camps, museum visits, gar-
dening). While a full discussion of these variables is outside the scope of
this article, we have tested the extent to which any of these variables
were functioning as drivers of student learning. Most variables had no
relationship to content learning either on their own or with SSM in-
cluded as a predictor (Chung, Cannady, Schunn, Dorph, & Vincent-Ruz,
2016; Dorph et al., 2016, Dorph, Bathgate, & Schunn, 2017, Vincent-
Ruz & Schunn, 2017, Bathgate & Schunn, 2017a). The one exception is
competency beliefs, which also predict content learning, but at a rela-
tively weak level that leaves a large predictive role for SSM.

There are also limitations on the inferences we can make about how
broadly SSM can support learning, both in content and across settings.
For example, the study sites were finite with a fairly narrow range of
instructional content (i.e., 6th and 8th grade, in three school districts).
This puts limits on inferences regarding any role SSM can play in pre-
dicting learning in other learning environments, especially for tasks
that require additional content knowledge. That is, we cannot say how
well SSM can support a learner to succeed in a learning environment
that requires content knowledge beyond what they currently hold. It is
unclear how well and across what domains SSM would support “fig-
uring out” the additional necessary content knowledge.

Further, performance on any assessment is at least partially driven
by youth motivation for success on the measure and test taking abilities.
Given that all measures used in this study were collected using the same
approach, the influence of motivation and test taking abilities is likely
to uniformly influence scores and may play a role in the underlying
relationships found. This is, at least in part, mitigated by using class-
room content linked assessments for knowledge gain and a relatively
short, meaning fairly low burden, assessment of SSM.

5.1. The scientific sensemaking instrument

The development process and psychometric characteristics support
the use of the scientific sensemaking instrument to assess middle school
student’s levels of scientific sensemaking. The instrument’s reliance on
common, rather than rare or specific, content knowledge makes it an
incomplete measure for assessments of student ability to integrate
practices with difficult content, but the instruments’ integration of
many of the practices (within NGSS or PISA scientific literacy compe-
tencies) and content knowledge can serve as a model for the develop-
ment of such assessments that focus on specific and targeted content
knowledge. Further, the results of student performance on an SSM in-
strument could be used to guide instruction. Recognizing that this tool
lightly measures across the sub-constructs of scientific sensemaking, it
remains an open question if a broader assessment, one that sampled the
sub-constructs more thoroughly, would be helpful to understand sci-
entific sensemaking’s role in the learning process while not overly
burdening the respondents.

Future versions of this tool will include items assessing skills and
practices associated with the roles of models in scientific sensemaking.
Further, more difficult versions of the assessment will be developed to
avoid ceiling effects and extend the range of use of the assessment to
high school students.

5.2. Scientific sensemaking, scientific literacy, and the next generation
science standards

We argue that a learner who is strong in scientific sensemaking is
able to understand the scientific practices and the role these practices
play in understanding of natural and physical phenomena (i.e., the
nature of science). Part of arguing for the necessity of each of these
practices and NOS requires testing whether each of them was in-
dependently predictive of science learning. We calculated sub-scores for
each of the tested sub-constructs and tested whether they were
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predictive of posttest content knowledge scores while controlling for
pretest content scores. All of these sub-constructs were statistically
significant predictors of learning gains. Additional research would be
needed to examine which other possible sub-constructs would also
predict content learning.

The PISA 2015 assessment of scientific literacy (OECD, 2017)
identified several general competencies, in addition to assessing
knowledge and attitudes in several different contexts. Table 14 shows
the relationship between the SMM subconstructs and the three broad
competencies assessed in PISA. We divided the interpret data and evi-
dence scientifically into the two components of data and evidence be-
cause that are separated in SSM and NGSS. Note the absence of asking
questions and understanding the nature of science with the PISA fra-
mework. The nature of science is included with the knowledge di-
mension of PISA, but also to some extent with the evaluate aspect of
evaluate and design scientific inquiry. Asking questions was explicitly
part of the 2000 and 2006 PISA frameworks (OECD, 2017).

The Next Generation Science Standards identify eight practices that
should be the aim of science instruction. These practices include asking
questions and defining problems, developing and using models, plan-
ning and carrying out investigations, analyzing and interpreting data,
using mathematics and computational thinking, constructing explana-
tions and designing solutions, engaging in argument from evidence, and
obtaining, evaluating and communicating information. As shown in
Table 14, there is substantial overlap between these recommended
practices and the currently-tested components of scientific sense-
making. NGSS and SSM have a key similarity of purpose: to support
student learning of science content. But the two also have unique
purposes that could lead to different components: the NGSS list is also
meant to include all the core adult science practices that should be
broadly shared to understand what science is and be able to participate
in science (even though the practices should be gradually developed
throughout K-12 schooling) whereas the SSM list was developed with
the goal of focusing on the core components that are most needed in
early science learning. For example, advanced mathematics and com-
putational thinking are important skills for science learning in some
parts of high school science and beyond, but may not be as useful for
science instruction at earlier grades given the strong focus on qualita-
tive science and more basic mathematics such as proportional reasoning
in the earlier grades.

As noted earlier, the currently included sub-components of SSM
were not meant to be a strong claim to exhaustively list all of the im-
portant elements for supporting science learning. Further research will
be required to see whether the other sub-constructs are important in
early science. We suspect that developing and using models (Lehrer &
Schauble, 2000) is an important scientific skill that could be included in
our instrument and we plan to incorporate modeling into future ver-
sions. In general, there can be no claim that the current list of sub-
constructs included in SSM is an exhaustive list because the importance
of other practices and understandings have not been tested in terms of
(1) coherence with the current sub-constructs in SSM and (2) their
broad support of science content learning in K-12 science.

Finally, similar to PISA scientific literacy competencies, NGSS does
not include nature of science as a separate scientific practice, but rather
recognizes that the nature of science is integrated into the active work
entailed in the rest of the practices. This is an important difference
between a list of practices and how we conceive scientific sensemaking.
That is, scientific sensemaking is an ongoing process seeking coherence
and meaning through construction and reconstruction of explanations
across multiple representations and knowledge. This process requires
more than practices; it also requires skills and knowledge, including
epistemological understandings of the process of knowledge generation.
We call the nature of science out separately in part because we think is
essential for students’ understanding not only of scientific content but
also of the scientific practices that they need to use to engage in inquiry
(Duschl & Grandy, 2012; Osborne et al., 2003; Sadler, Chambers, &
Zeidler, 2004). In addition, we also found that students who had
stronger grasps of the nature of science also had larger increases in
content knowledge than their peers who did not have this under-
standing, even when controlling for their mastery of these other com-
ponents.

5.3. Implications

The work presented here offers evidence of the role scientific sen-
semaking can play in a classroom. Scientific sensemaking includes
many of the practices that are targets for reform instruction. That alone
makes it worthy of investigation, assessment, and curriculum devel-
opment. The fact that a student who can engage in scientific sense-
making is actually better positioned to learn scientific content only adds
to scientific sensemaking’s centrality in the modern science classroom.
Teachers should be aiming to support the acquisition of scientific sen-
semaking skills in their students, and develop lessons that encourage
students to engage in sensemaking activities as they explore new con-
tent. This is not a suggestion to teach SSM skills separately from con-
tent, but rather, that in developing SSM skills in a particular content
area should then transfer to ability to use them for learning new sci-
entific content.

The instrument may also be useful for informal educators, where
scientific sensemaking skills are common targeted outcomes, rather
than specific bits of content knowledge. In these settings, informal en-
vironments might be able to demonstrate impact on a construct that is
useful for both the understanding of science and for the process of
learning more science. While it is likely that a longer assessment or
dynamic items and simulations could improve the precision of a mea-
sure of scientific sensemaking, the results here demonstrate that it is
possible to measure scientific practices in content through relatively
short pencil paper instruments. Short, static instruments are generally
easier to administer, making them useful for a broader range of learning
environments. Given that the role of scientific sensemaking in the
process of learning content was independent of classroom discourse or
classroom instructional practice, having an instrument that can be used
in a variety of settings is appropriate.

Going forward, we wish to develop more scenarios, include items on

Table 14
Comparison of PISA (2015) Competencies for Scientific Literacy, NGSS practices, and the SSM sub-constructs.

PISA Scientific Literacy Competencies NGSS Practices Scientific Sensemaking Sub-Constructs

Asking Questions Asking Good Questions
Evaluate and Design Scientific Enquiry Planning and Carrying out Investigations Designing Investigations
Interpret Data Scientifically Analyzing and Interpreting Data Interpreting Data Tables & Graphs
Explain Phenomena Scientifically Constructing Explanations Seeking Mechanistic Explanations
Interpret Evidence Scientifically Engaging in Argument from Evidence Engaging in Argumentation about Scientific Ideas
(Embedded with the Knowledge dimension) (Embedded with Practices) Understanding the Changing Nature of Science

Developing and Using Models (Future Versions)
Using Mathematics and Computational Thinking
Obtaining, Evaluating, and Communicating Information
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the use of models as a sensemaking activity and extend the range of
difficulty to broaden the appropriate audience for this tool. We also aim
to vet (i.e. support a validity argument) the items for use in with a
broader audience and ensure that the items function similarly across the
range of individuals in the population.
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