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(1) changes to plausibility judgments and knowledge as a result of
a series of instructional scaffolds, called model-evidence link activ-
ities, that facilitated evaluation of scientific and alternative models
in four different Earth science topics (climate change, fracking and
earthquakes, wetlands and land use, and the formation of Earth’s
Moon) and (2) relations between evaluation, plausibility reappraisal,
and knowledge. Repeated measure multivariate analyses of vari-
ance (MANOVAs) showed that participants’ plausibility judgments
shifted toward scientifically accepted explanations and increased
their knowledge about relevant Earth science topics after participat-
ing in the activities. Structural equation modeling revealed that 10%
of the postinstructional knowledge scores were related to partici-
pants’ evaluations, above and beyond background knowledge, which
accounted for 26% of the variance. The activities used in this study
may help students develop their critical thinking skills by facilitating
evaluation of the validity of explanations based on evidence, a sci-
entific practice that is key to understanding both scientific content
and science as a process. However, results from the study were mod-
est and suggest that additional research, from both theoretical and

empirical perspectives, may be warranted.

KEYWORDS

critical thinking, Earth science, evaluation, knowledge, plausibility

1 | INTRODUCTION AND PURPOSE

Critique and evaluation are central to the scientific enterprise. Recently, A Framework for K-12 Science Education iden-

tified critiquing, arguing, and analyzing as evaluative processes that are foundational to science (National Research
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Council [NRC], 2012). Evaluation is included in scientists’ questioning and observing, collecting data and experiment-
ing, and imagining and constructing of explanations about all aspects of phenomena. “Indeed, the only consistent char-
acteristic of scientific knowledge across [all] disciplines is that scientific knowledge is open to revision in light of new
evidence” (i.e., through evaluative processes that connect evidence to explanations; NGSS Lead States, 2013, Vol. 2,
p. 96). Use of evaluation and critique to construct evidence-based explanations goes beyond the notion that scientific
knowledge is tentative (Lederman, 1992) and more accurately reflects an evaluative stance about the nature of science
(Allchin, 2011).

K-12 science education has underemphasized the role of critique and evaluation in constructing understanding of
scientific topics. Although A Framework for K-12 Science Education lists evaluation in the title of one of its eight scientific
practices (i.e., “obtaining, evaluating, and communicating information,” NRC, 2012, p. 3; emphasis ours), we agree with
Ford’s (2015) position that all scientific practices are based on “processes of perpetual evaluation and critique that sup-
port progress in explaining nature” (p. 1043). Furthermore, the Next Generation Science Standards (NGSS) clearly shows
explicit connections between students’ engagement in evaluation and learning about the scientific practices (NGSS
Lead States, 2013, Vol. 2, pp. 67-78). Henderson, MacPherson, Osborne, and Wild (2015) argue that when students
engage in critique and evaluation in the science classroom they gain a deeper understanding of both what scientists
know (i.e., scientific content) and how scientists know what they know (i.e., scientific epistemology). In other words, explicit
and purposeful evaluation when considering explanations about phenomena may facilitate deep understanding, espe-
cially when students reflect on their personal epistemic judgments and compare how scientists actually construct and
reconstruct knowledge.

One epistemic judgment that is active in both laypersons’ (e.g., students, the public) and scientists’ thinking is plausi-
bility. Lombardi, Nussbaum, and Sinatra (2016) have characterized plausibility as a tentative and provisional judgment
about the truthfulness of an explanation. Individuals often make judgments about plausibility implicitly and automat-
ically without much conscious thought. But individuals can also make judgments about plausibility that are explicit
and purposeful. Furthermore, scientific evaluations about an explanation’s plausibility can facilitate students’ shifts
toward greater scientific understanding. In a recent study, middle-grades students deepened their understanding of
the fundamental scientific concepts related to climate with a short duration (two class periods) activity that prompted
students to simultaneously weigh the connections between lines of scientific evidence and alternative explanations
of the causes of current climate change (i.e.,, human-induced climate change, which is the scientifically accepted
explanation, and Sun-induced climate change, which is a plausible but nonscientific explanation) (Lombardi, Sinatra, &
Nussbaum, 2013). Interestingly, these learning gains persisted 6 months after this short instructional activity and
related to appreciable shifts in students’ plausibility judgments toward the scientific explanation. Lombardi and
colleagues (Lombardi et al., 2013; Lombardi, Nussbaum, & Sinatra, 2016) speculated that the study’s instructional
activity promoted students’ critical evaluations.

The present study examined Lombardi and colleagues’ (Lombardi et al., 2013; Lombardi, Nussbaum, & Sinatra, 2016)
speculation about the potential relations between students’ evaluations, plausibility judgments, and knowledge of sci-
entific topics. As part of a 3-year project funded by the U.S. National Science Foundation, the present study represents
a focused quantitative analysis of changes in plausibility judgments and content knowledge observed in the curricu-
lum focused on instructional scaffolds called model-evidence link (MEL) activities (Chinn & Buckland, 2012; Lombardi
et al., 2013). MELs facilitate students’ evaluations of the connections between lines of evidence and alternative expla-
nations. We specifically examined high school students’ repeated use (four times over the course of a 10-month school
year) of MELs developed by our project team that cover the following socioscientific topics in Earth science: (a) causes
of current climate change, (b) connections between fracking and earthquakes, (c) wetlands protection and land use, and
(d) formation of Earth’s Moon. For the present study, our research questions were:

1. Howdo plausibility judgments and knowledge change when engaging in an instructional activity that facilitates high

school students to think critically about controversial and/or complex Earth science topics?!

2. What are the relations between evaluation, plausibility reappraisal, and postinstructional knowledge, above and
beyond background knowledge?
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Conducting our research in Earth science provided a rich venue to study topics that are important and complex phe-
nomena (e.g., climate change, fracking, wetlands protection, and formation of Earth’s Moon). Studying these topics may
be especially relevant for investigating evaluation of alternative explanations, where there may be a gap between the
explanations that laypersons (students, in this particular study) and scientists find plausible (i.e., a plausibility gap; Lom-
bardi et al., 2013). These topics also include fundamental principles from areas covered in many high school Earth sci-
ence courses, including geophysics, water resources, climate and weather, and astronomy. Prior to detailing our study’s
methods and results, we first discuss how we grounded our research in literature about scientific evaluation, plausibil-

ity appraisals, and science content knowledge.

2 | THEORETICAL FRAMEWORK

Central to our theoretical framework is the characterization of scientific thinking as the “consciously controlled eval-
uation of [explanations] in the light of [evidence]” (Kuhn & Pearsall, 2000, p. 126). By explanations, we are specifically
referring to accounts of how phenomena unfold that may lead “to a feeling of understanding in the reader/hearer”
(Brewer, Chinn, & Samarapungavan, 1998, p. 120; see also Braaten & Windschitl, 2011). Scientific explanations may
include fully developed theories and models, as well as facets of theories and models containing essential kernels of the-
ory (Giere, 2010; Salmon, 1994). A Framework for K-12 Science Education says that “Scientific explanations are explicit
applications of theory to a specific situation or phenomenon, perhaps with the intermediary of a theory-based model
for the system under study” (NRC, 2012, p. 52). One important criterion for the validity of a scientific explanation is its
plausibility, especially the plausibility of the explanation relative to alternatives (Hogan & Maglienti, 2001). Students
and the general public also engage in evaluations based on the plausibility of explanations, but often do so implicitly
(i.e., without much or any thought; Lombardi, Nussbaum, & Sinatra, 2016). The present study builds upon these ideas.
Specifically, the present study uses a recent theoretical model that views evaluation as a central component in the
dynamic process of students’ explicit evaluations and reappraisal of an explanation’s plausibility (Lombardi, Nussbaum,
& Sinatra, 2016). This model also posits that evaluations and plausibility reappraisal may facilitate deeper knowledge
about science. As a foundation for the present study, the following subsections provide more details on the theoretical

connections of evaluation, plausibility judgments, and knowledge.

2.1 | Evaluation

Some think of evaluation as a post hoc activity. For example, a teacher may ask students to evaluate whether their
classroom experiment was valid and whether reliable conclusions emerged from data collected. However, we view
evaluation as an ongoing process central to virtually all scientific activities. Evaluations generally involve comparison
(e.g., between criteria of validity and selection of reliable evidence; between alternative explanations about a phe-
nomenon; Duschl & Osborne, 2002; Ford, 2015). In the process of constructing valid scientific knowledge, evaluation
should also involve critique. Combining critique with evaluative processes results in what some have called critical eval-
uation (Duschl & Osborne, 2002), an essential mode of critical thinking (Bailin, 2002). Helping students to become more
critically evaluative as they learn about science will potentially equip them to be more scientifically literate. In fact, the
NGSS states that engagement in and knowledge of scientific and engineering practices, as well as disciplinary core
ideas, “should enable students to evaluate and select reliable sources of information and allow them to continue their
development well beyond their K-12 school years as science learners, users of scientific knowledge, and perhaps also
as producers of such knowledge” (NGSS Lead States, 2013, Vol. 1, p. xv).

The NGSS includes evaluation in several performance expectations (i.e., what students should be able to do). With
frequent mention of evaluation in the NGSS, there is a need for greater understanding about “how instruction should
support, over time, students’ abilities to participate in it” (Ford, 2015, p. 1047). One way to promote evaluative pro-
cesses may be to explicitly engage students in judgments about knowledge and knowing (i.e., epistemic judgments,

such as plausibility).
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2.2 | Appraisal and reappraisal of plausibility

Plausibility is a tentative epistemic judgment conducive to knowledge construction and reconstruction both in sci-
ence and in science classrooms. For example, researchers have implicated plausibility judgments in facilitating co-
construction of knowledge in discourse associated with collaborative argumentation (Driver, Asoko, Leach, Scott, &
Mortimer, 1994; Duschl, 2007; Nussbaum, 2011). Researchers have also proposed that plausibility may be an impor-
tant judgment involved in the conceptual change process (Dole & Sinatra, 1998; Pintrich, Marx, & Boyle, 1993; Posner,
Strike, Hewson, & Gertzog, 1982).

Until recently, little work has attempted to empirically investigate the role of plausibility judgments in knowledge
construction and reconstruction in science learning and teaching. This gap in understanding prompted an initial study
by Lombardi and Sinatra (2012), which revealed a substantial connection between undergraduate students’ plausibility
judgments about human-induced climate change and knowledge of weather and climate distinctions. A follow-up study
revealed that background knowledge, topic emotions (i.e., anger and hopelessness), and epistemic motives (i.e., deci-
siveness) predicted plausibility judgments about human-induced climate change in preservice and inservice teachers
(Lombardi & Sinatra, 2013). These two studies motivated Lombardi et al. (2013) to investigate the connections between
cognitive evaluations about scientific explanations and appraisals of plausibility about these explanations. In this study,
middle school students first learned about the plausibility judgment and its tentative nature (i.e., plausibility is a judg-
ment that scientists make about the potential truthfulness of one explanation compared to another; the judgment may
be uncertain; and scientists do not have to be committed to the decision and may change their plausibility judgments
about explanations). The students then engaged in a task explicitly asking the students to rank (from most to least
important) the different ways in which lines of evidence and scientific explanation may be connected (i.e., the evidence
strongly supports the explanation, the evidence supports the explanation, the evidence contradicts the explanation,
and the evidence has nothing to do with the explanation), and how this connection influences their plausibility judg-
ments. Finally, students participated in an activity where they explicitly considered the plausibility of two explanations
about a phenomenon (i.e., a scientific accepted explanation and a compelling alternative explanation). Students specif-
ically weighed the strength of connections between lines of evidence and alternative explanations. Through this series
of activities, Lombardi et al. (2013) argued that students come to understand science as a way of knowing because they
“come to appreciate that alternative interpretations of scientific evidence can occur, that such interpretations must be
carefully scrutinized, and that the plausibility of the supporting evidence must be considered” (NRC, 2012, p. 251). Fur-
thermore, by considering the plausibility of alternative explanations, students constructed and reconstructed knowl-
edge in a way that scientists do, which in turn informed Lombardi, Nussbaum, and Sinatra’s (2016) model of plausibility
judgments in conceptual change (PJCC).

The recently-created PJCC incorporates philosophical and psychological perspectives. As such, the PJCC is a
detailed explanatory description of the factors that potentially form judgments of plausibility. The nexus of the PJCC
involves a theoretical account of how explicit and critical evaluations about novel explanations and background knowl-
edge may influence reappraisals of plausibility, which in turn might influence knowledge reconstruction. In their devel-
opment of the PJCC, Lombardi, Nussbaum, & Sinatra (2016) also discussed the meaning of plausibility from both the
philosophy of science and science studies perspectives. Specifically, Lombardi, Nussbaum, & Sinatra (2016) discussed
how scientists incorporate plausibility judgments into their evaluations of explanations (see, e.g., Brewer et al., 1998).
In short, plausibility as an epistemic judgment of potential truthfulness is an outcome of individuals’ evaluations.

Lombardi, Danielson, and Young (2016) recently tested this theoretical relation between evaluation and plausibil-
ity judgments. In this study, undergraduate students who read a refutation text (i.e., a text that identified and directly
refuted common misconceptions) activated their abilities to be critically evaluative. Critical evaluation, in turn, shifted
students’ plausibility judgments and reconstructed their knowledge toward the scientific explanation that human
activities are causing current climate change. In comparison, reading an expository text (i.e., a text that simply described
and informed without refutation, amode commonly used in textbooks) did not activate critical evaluation. In the expos-
itory text group, students retained existing, nonscientific conceptions. However, because refutation texts are not used

consistently in science education (Sinatra & Broughton, 2011), we have also wondered about more ecologically valid
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instructional activities that could promote critical evaluation, plausibility reappraisal, and greater knowledge about

scientific topics—the focus of the present study.

2.3 | Instruction to promote evaluation and plausibility reappraisal

We acknowledge here that our use of the term “evaluation” in the context of science teaching and learning may be a
bit confusing. Many researchers and educators encourage students to formally and informally evaluate understanding
about what is being learned, as well as how it is being learned (i.e., as suggested by the 5E instructional model; Bybee,
2009). In this regard, researchers, educators, and students view evaluation as a key component of self-regulated learn-
ing and metacognition (Zimmerman, 1990). However, we want to stress that this study focuses on evaluation as a pro-
cess that is foundational to scientific practices (i.e., critical evaluations are at the core of scientific thinking and promote
construction of valid and reliable knowledge; Osborne, 2014). We did not focus on evaluation as a mode of assessment
or self-regulated learning.

Mere exposure to scientific information will not help students to think critically (Sinatra, Kienhues, & Hofer, 2014).
Rather, students must engage in evaluative processes, such as those used to weigh the connections between evidence
and explanations. To be critical, students should consider how specific lines of evidence support or refute alternative
explanations about a particular phenomenon (McNeill, Lizotte, Krajcik, & Marx, 2006; West, Toplak, & Stanovich, 2008).
Critical evaluations may help students to gauge the more plausible of the alternatives (Lombardi, Nussbaum, & Sina-
tra, 2016). Doing so may not only increase students’ critical thinking skills but also their understanding of scientific
knowledge and how scientific knowledge is constructed. Evaluating alternative explanations and selecting the most
plausible explanation based on evidentiary support increases cognitive engagement and elaboration and encourages
construction of knowledge that is scientifically valid (Osborne, 2014).

One promising instructional scaffold that may promote critical evaluations about the connections between
evidence and alterative explanations is the MEL diagram. Chinn and colleagues (Chinn & Buckland, 2012; Rinehart,
Duncan, & Chinn, 2014) developed the original mode and structure of the MEL diagram for use in middle school life
science classrooms. Lombardi et al. (2013) created a MEL diagram activity for the topic of climate change and used
this MEL to facilitate shifts in middle school students’ plausibility judgments and knowledge toward the scientifically
accepted model of human-induced climate change. One of the main motivations for our project and present study was
to examine whether more frequent engagement in evaluating connections between lines of evidence and alternative
explanations consistently promoted reappraisal of plausibility about controversial, abstract, and/or complex Earth
science topics. We also looked at the relations between evaluation, plausibility judgments, and knowledge about these
Earth science concepts.

3 | METHODS

3.1 | Setting and participants

The present study examines data from the second year of a 3-year project involving high school (Grade 9-12) students
from two different school systems in the United States. Students completed the measures and instructional activities
during their Earth science classes, and teachers integrated these activities into their schools’ scheduled curricula. Four
teachers independently facilitated the activities; two teachers (referred to as SW1 and SW2) were located in an urban
district in the Southwest United States and two (MA1 and MA2) were in suburban districts in the Mid-Atlantic United
States. Each teacher had between two and six classes of participating students, for a total of 16 classes involved in the
study. We received assent to conduct our research, as well as parental consent, from 339 participants. However, in a
careful inspection of participant data, 40 gave patterned responses (e.g., answering questions in pattern that indicates
participants did not read the questions, such as selecting straight 3s or selecting responses that result in a design such

as a Christmas tree) that reflected disengagement (Gobert, Baker, & Wixon, 2015), and as such, were indicators of poor
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TABLE1 Race, ethnicity, and socioeconomic composition of the schools involved in the study

School (%)

Characteristic swia Sswa22 MA1° MA2b
American Indian/Alaskan native 0.80

Asian 4.30 4.30 8.70 2.80
Black 171 11.9 1.50 7.70
Hispanic 23.9 63.1 3.40 10.0
Pacificislander 1.70 0.40

Two or more races 7.30 4.10 0.60 1.80
Unknown race or ethnicity 2.30

White 44.9 14.3 85.4 777
Free or reduced price lunch 33.2 721 2.20 27.4

Note. SW1 = data from Southwest Teacher 1’s school, SW2 = data from Southwest Teacher 2’s school, MA1 = data from Mid-
Atlantic Teacher 1's school, and MA2 = data from Mid-Atlantic Teacher 2’s school.

3[SW] Department of Education (2016).

bState of [MA] Department of Education (2016).

data quality. We eliminated these participants from the study sample, with this disengagement distribution skewed
slightly toward SW1 and SW2 (about 44% taught by SW1, n = 18; 33% taught by SW2,n = 13; 8% taught by MA1,n=3;
and 14% taught by MA2, n = 6). This made the final sample size N = 299, with about 34% taught by SW1,n = 101; 25%
by SW2,n=76; 16% by MA1,n =48; and 25% by MA2, n = 74. Just over half (n = 169, 56.5%) of the participants were
female. We did not collect race and ethnicity data from the participants, but the teachers indicated that participants
reflected the general racial and ethnic composition that was characteristic of their schools (Table 1). In summary, the
participants in this study represent a wide variety of demographic characteristics.

3.2 | Materials

The teachers collected data over the course of one full school year. Each class completed the MEL activities, described

in more detail below, as an introduction to the respective instructional units.

3.2.1 | Instructional scaffolds

We adapted and applied the MEL diagram to four individual Earth science topics: climate change, fracking and earth-
quakes, wetlands and land use, and formation of Earth’s Moon. We chose these topics because each has multiple plausi-
ble explanatory models (a scientifically accepted and an alternative) that students could evaluate. The four MEL topics
(climate change, fracking, wetlands, and the Moon) represent a wide range of topics that might be covered in a typical
high school Earth science scope and sequence. The MELs also presented lines of evidence that relate to each model
(see Figure 1 for a student example of the climate change MEL activity). We briefly describe the topics of the four MEL
activities below, with Table 2 summarizing the models and associated evidence statements. We also discuss the format
of the MEL activities, as well as some preliminary research we have done on these activities in this section. However, for
more details about the development of these activities, including alignment with the high school Earth science NGSS
and instructional use guidance, see Bailey, Girtain, and Lombardi (2016), Holzer, Lombardi, and Bailey (2016), Hopkins,
Crones, Burrell, Bailey, and Lombardi (2016), and Lombardi (2016).

Climate change MEL

Climate change is a particularly relevant issue in today’s society, and a topic that is already testing students’ and teach-
ers’ ability to understand plausibility of scientific explanations (see, e.g., Lombardi, Danielson, & Young, 2016; Lombardi
et al., 2013; Lombardi, Seyranian, & Sinatra, 2014; Lombardi & Sinatra, 2012, 2013). As a result, students may enter the
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TABLE2 Summary of models and evidence statements for each MEL activity

Topic

Climate

change

Fracking

Wetlands

Moon

Model

Scientific

Our current climate
change is caused by
increasing amounts
of gases released by
human activities.
(Model A)

Theincrease in
moderate
magnitude
earthquakes in the
midwest is caused
by fracking for fossil
fuels.

(Model A)

Wetlands provide
ecosystem services
that contribute to
human welfare and
help sustain the
biosphere.?

(Model A)

The Moon formed
after alarge object
collided with Earth
and material from
both combined to
create the Moon.
(Model B)

Alternative

Our current climate
change is caused by
increasing amounts
of energy released
from the Sun.
(Model B)

Theincrease in
moderate
magnitude
earthquakes in the
midwest is caused
by normal tectonic
plate motion.
(Model B)

Wetlands are a
nuisance to humans
and provide little
overall
environmental
benefit.

(Model B)

The Moon was an
object that came
from elsewhere in
the solar system
and was captured
by Earth’s gravity.
(Model A)

Evidence statements

#1: Atmospheric greenhouse gas concentrations have
been rising for the past 50 years. Human activities
have led to greater releases of greenhouse gases.
Temperatures have also been rising during these past
50vyears.

#2: Solar activity has decreased since 1970. Lower
activity means that Earth has received less of the
Sun’s energy. But, Earth’s temperature has continued
torise.

#3: Satellites are measuring more of Earth’s energy
being absorbed by greenhouse gases.

#4: Increases and decreases in global temperatures
closely matched increases and decreases in solar
activity before the industrial revolution.

#1: Fracking fills cracks in the ground with water
reducing friction between parts of the Earth’s crust.

#2: During the last 4 years, the number of earthquakes
in the middle of the United States was 11 times
higher than the 30-year average.

#3: Convection of hot but solid and ductile rocks in the
upper mantle creates stresses in the Earth’s crust.
These stresses cause the Earth’s crust to fracture.

#4: During fracking, cracks created by drilling
boreholes do not create enough force to shift Earth’s
crustal plates.

#1: Wetlands play a role in the global cycles of carbon,
nitrogen, and sulfur. Wetlands change these
nutrients into different forms necessary to continue
their global cycles.

#2: Flooding is a natural occurrence in low-lying areas,
and wetlands are places where floodwaters can
collect.

#3: Wetlands contribute 70% of global atmospheric
methane from natural sources.

#4: Many wetlands are located in rapidly developing
areas of the country.

#1: Earth’s average density is higher than the Moon’s.
The density of Earth’s crust is a little less than the
Moon'’s, but Earth’s density increases toward the
core.

#2: Simulations of other star systems show that planets
form when smaller objects collide.

#3: The Moon’s orbit around Earth is tilted compared
to the planets’ orbits around the Sun.

#4: Earth is about 35% iron, most of which is in the
core. The Moon has very little iron.

aAlthough a socioscientific topic, the wetlands MEL asks students to make judgments about “value” models rather than scien-
tific explanatory models. The “scientific” model in this case is that with which most environmental scientists agree.
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Directions: Draw 2 arrows from each evidence box, one to each model. You will draw a total of 8 arrows.

Keys b The evidence supports the model
NN NS N The evidence STRONGLY supports the model-
x The evidence contradicts the model (shows its wrong)
-------------------------- | 3 The evidence has nothing to do with the model
Evidence #1

Evidence #3

Atmospheric greenhouse gas _ ;
Satellites are measuring more of

concentrations have been rising for the

Model A

past 50 years. Human activities have OhL;rncurfcnt clin;a;e [~ Earth’s energy being absorbed by
change is caused by greenhouse gases.
led to greater releases of greenhouse increasing amounts

gases. Temperatures have also been

rising during these past 50 years. sk

human activities.

Model B
Evidence #2 Our current climate Evidence #4
Solar activity has decreased since change is caused by Increases and decreases in global
1970. Lower activity means that Earth v increasing amounts temperatures closely matched
has received less of the Sun’s energy. 4 of energy released == increases and decreases in solar
But, Earth’s temperature has from the Sun. activity before the industrial
continued to rise. revolution.

Provide a reason for three of the arrows you have drawn. Write your reasons for the three most interesting or important arrows.
A. Write the number of the evidence you are writing about,
B. Circle the appropriate word (strongly supports | supports | contradicts | has nothing to do with).
C.  Write which model you are writing about.
D. Then write your reason.

1. Evidence # 7 strongly snppnm|suppom|cnntrndms|hus nothing to dowlh Model B because:
Evidence 4. Sow ,11(.0{— numMen oCTiyries hove \RG p ‘ﬁl(f\\\‘( re
\“{-'Ij,ur(-‘ t“.-"_(l-‘{“ Strond
cavse it s expl r\ﬂ NS et ©U
A v 1iES ~J

‘_fr?

4

dnnce # slmngly -;upports | suppnrtsJ comradmtsl has no!hlng to du wnh Mod:: B) because:
lodel & 0eCe a

=)

i

ONE 307@ o a\\,'mcxr\ )
"\l:‘,’ .”i_.:,( 'j{,a. r\

o U = Are
enecay Premmthe

'\2’,

\ th“” rﬁ\

= ¢ y LY
3. Ewdcnre#f— strongly suppnrulshyémm:s nolhlngmdowuh Model B because:
dhence T corteid ofd M evidenct 285 4 rx\"(“‘
3 cendrd oS of e sups cn?rf“) Arch Moade 8 °F
OPHO"’H{ ‘\'“C\\ Chinat€ on ("":)"- V“C‘T een (‘L\u}?»’.l

OWNQUYT of ENdi ) feom He AR
Circle the p!ausﬂnhly of cach mudel’JIMake twa circles, one rm- each model.]

Greatly implausible ighly
or even impnsﬁihle Plausible
Model A 4 L] 6 7 8 9 10
Model B km) 4 5 6 7 H 10
Climate Change MEL Explanation Task T0902/201 4) Page fof |

FIGURE 1 Astudentexample of the climate change MEL diagram—top—with explanatory tasks on the bottom [Color
figure can be viewed at wileyonlinelibrary.com]

classroom with very strong beliefs about the cause of climate change, and these may or may not be based in scientific
understanding (Leiserowitz & Smith, 2010). We selected two plausible explanations about the cause of current climate
change for this MEL, the scientifically accepted explanation that humans are the cause of current climate change (Cook
et al.,, 2016), and the alternative explanation that current climate change is caused by an increased amount of solar
irradiance (Boyes & Stanisstreet, 1993; Pruneau, Gravel, Bourque, & Langis, 2003; Shepardson, Choi, Niyogi, & Charu-
sombat, 2011). The four lines of evidence in the climate change MEL cover atmospheric emissions and concentrations
of greenhouse gases, recent changes in solar activity, observed effects of greenhouse gases on Earth’s energy budget,
and past correlations between solar activity and global temperatures. Lombardi et al. (2013) discuss the development,
use, and validity of the climate change MEL used in a study with middle-grades students.
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Fracking and earthquakes MEL

Recent increases of hydraulic fracturing, or fracking, is responsible for increases in fossil fuel production in the United
States. Scientists have also recently associated this increased fossil fuel production with an increased occurrence of
moderate-magnitude earthquakes in the midwest. Although some scientists agree that this represents a causal con-
nection with fracking activities (Petersen et al., 2016), others have attributed increases in midwestern earthquakes to
natural adjustments of a plate boundary (Oskin, 2015). Therefore, we aligned the two models for the fracking MEL with
these two alternative explanations. The lines of evidence presented on this MEL include information about both the
processes behind fracking and the occurrence of earthquakes: the effect that fracking injection has onfrictionin Earth’s
crust, the changes in frequency of earthquakes near fracking sites, the natural processes that cause earthquakes, and

the amount of force exerted on Earth’s crust during fracking.

Wetlands and land use MEL

Unlike the other activities, the wetlands MEL presents scientific context for value judgments rather than scientific pro-
cesses. We developed the wetlands MEL with the idea that understanding of many Earth science topics can have imme-
diate effects on our everyday lives, and, therefore, students should have practice applying scientific literacy both to
develop understanding and to make sense of its relevance. Groups have debated the value of wetlands, with one side
wishing to preserve them for their environmental benefits and the other side wishing to use available land in other
ways (U.S. Environmental Protection Agency, 2017). These two value judgment alternatives served as the explanatory
models in our wetlands MEL. The accompanying lines of evidence discussed the role wetlands play in global cycles of
carbon, nitrogen, and sulfur; the effect that wetlands have on flooding in low-lying areas; the contribution of global
atmospheric methane from wetlands; and the location of wetlands compared to developing areas. Even though par-
ticipants were not making judgments about a scientific process in this MEL, they needed to evaluate relevant scien-
tific information to make judgments about the connections between lines of scientific evidence and explanations. We
acknowledge that individuals may look at other types of evidence (e.g., economic benefits and costs) when evaluating
such explanations about wetlands, but for the purpose of comparison, we kept the wetlands MEL focused on scientific

lines of evidence.

Moon formation MEL

There are multiple hypotheses about the formation of Earth’s Moon that have been seriously considered, each pre-
senting different ideas about how much of the Moon’s material came from the Earth and how the material ended up in
orbit around us. Scientists now generally agree that the most likely case is the one presented by the giant impact the-
ory (Hartmann & Davis, 1975), which states that a large object crashed into Earth and material from each formed into
the Moon. This represents the scientifically accepted explanatory model in the Moon MEL. For the other, we chose to
present a plausible alternative based on a historical explanation, called the capture theory, by which the Moon was an
independent object captured by Earth’s gravity (Clery, 2013). The Moon MEL presented participants with lines of evi-
dence that address main aspects of Earth and the Moon that have driven scientists’ understanding of the Moon’s origin:
the average densities of Earth and the Moon, the results of simulations of the formation of other planets, the charac-
teristics of the Moon’s orbit, and the presence of iron in both Earth and the Moon. The Moon MEL differs somewhat
from the other three because it covers a complex topic that students may not easily relate to their daily lives.

MEL activity part 1

The first page of the MEL activity presented participants with the two explanatory models about a particular phe-
nomenon (Figure 1). Although each MEL included one model which is scientifically accepted and one which is a plau-
sible alternative, the MEL introduced each as “Model A” or “Model B” without indication of the validity of either. For
each MEL, these two alternative explanatory models were surrounded by four numbered evidence statements, each
of which had a corresponding “evidence text” that is about a page in length. The evidence texts included diagrams and
tables to elaborate on the evidence statements, and teachers encouraged participants to use these one-page texts
in completing the activity. On the first page of each MEL, participants drew arrows of different types between each
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evidence statement and each alternative model. These types of arrows indicated participants’ judgments about how
well a line of evidence supported a model, where (a) a straight line arrow meant that the evidence supported a model,
(b) a squiggly line arrow meant the evidence strongly supported a model, (c) a dotted line arrow meant the evidence had
nothing to do with the model, and (d) a straight line arrow with an “X” through it meant that the evidence contradicted

amodel. Participants drew a total of eight arrows to construct each MEL diagram (Figure 1).

MEL activity part 2

The second page of the MEL activity, also referred to as the “explanation task,” prompted participants to give expla-
nations of either two or three of the eight links that they drew on the first page diagram (Figure 1). The purpose of
this page was to facilitate students’ constructions of written explanations that we later scored (i.e., we scored only the
explanations, not the diagrams). The explanation task asked participants to describe links they consider important or
interesting. Using a sentence prompt for each explanation, participants wrote down the model and evidence number
that they chose to discuss, as well as the evidence to model connection strength they drew on the diagram (i.e., strongly
supports, supports, contradicts, or has nothing to do with). This preface served as the beginning of participants’ written
explanations, next prompting evaluation with the word “because.” For example, one participant’s written explanation

from the climate change MEL read, “[Evidence 1 strongly supports Model A because...] It showed the direct correlation

with the CO, emissions and the temperature” (note: the section in brackets is part of a sentence frame given to

students, with underlined portions filled in by students).

Our scoring of the MEL activity focused on evaluations participants wrote in the explanation task. We used a system
for scoring explanations that Lombardi, Brandt, Bickel, and Burg (2016) developed using a qualitative content analysis
from a previous study, which involved middle-grade students’ written responses about the climate change MEL used in
this study. Lombardi, Brandt et al. (2016) developed four categories of explanations that drew from the frameworks of
both Driver, Leach, Millar, and Scott (1996) and Dole and Sinatra (1998). The categories established well-defined levels
of evaluation to represent the accuracy and elaboration present in participants’ responses.

The following highlights these four different types of evaluations that primarily reflect epistemic quality (e.g., analy-
sis about the strength of the connections between lines of evidence and explanations), but also include related con-
ceptual understandings; readers should consult Lombardi, Brandt et al. (2016) for more details. The first category
of participants’ evaluations, called erroneous evaluations, described written responses that represented an incorrect
determination about a link. Participants who made an erroneous evaluation demonstrated an inability to make a legit-
imate connection between a line of evidence and model, perhaps from a lack of attention or understanding. Erro-
neous evaluations prevent deeper comprehension and evaluation from occurring. For example, one student claimed
that fracking evidence #2 has nothing to do with Model A because, “Evidence provided is irrelevant to the model,”
which is anincorrect evaluation based on lack of conceptual understanding (see Table 2 for models and evidence state-
ments in the fracking MEL). We generally categorized participant explanations that discussed inaccurate links as erro-
neous, aside from clearly more advanced answers such as conscientious use of elimination-based logic. The second
category, descriptive evaluations, represented weak and/or trivial written explanations. These weak explanations were
generally from superficial evaluations between a line of evidence and a model. One student wrote that fracking evi-
dence #2 has nothing to do with Model B because “they are talking about two different [things].” Although such eval-
uations were not necessarily inaccurate, they reflect little thinking and reasoning about the epistemic quality of the
connection.

The third category, relational evaluations, represented correct links with somewhat deeper understanding, but par-
ticipants’ written explanations failed to differentiate between lines of evidence and explanatory models. For exam-
ple, one student explained that fracking evidence #2 strongly supports Model A because “it gives numerical data that
proves an increase in earthquakes around fracking sites.” In this case, the student displays conceptual understanding
about the evidence. However, the written explanation provides little insight into the epistemic level of quality applied
in connecting the line of evidence to the explanation. The fourth and final category, critical evaluations, represented
the greatest level of explanation development. Within this category, participants demonstrated an understanding of

the scientific concepts and were able to critique the links using scientific reasoning and an accurate representation
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of the role evidence plays in judging model validity. With these types of responses, students also demonstrated an
explicit understanding of the epistemic quality of their connection between a line of evidence and an explanation.
One student wrote that fracking evidence #2 strongly supports model A because, “it illustrated how the number of
earthquakes near fracking sites is far too high above the normal average to be the result of normal plate movement.”
Although the student does not specifically make a claim about the plausibility of the explanation in this response, the
student is explicitly addressing the strength of the connection between the line of evidence and the explanation in way
that evaluates the link’s epistemic quality.

These four categories served as distinct levels of evaluation for numerically scoring each explanation (1= erroneous,
2 =descriptive, 3 =relational, 4 = critical), allowing us to consider participants’ written explanations quantitatively. Ini-
tially, the second and fourth authors independently scored each participant’s explanations using these four categories
and Lombardi, Brandt et al.’s (2016) rubric as a guide. Initial rater scores were at an acceptable level of agreement
(interclass coefficient, ICC =.612). The raters met to reconcile discrepancies in scoring and came to unanimous agree-
ment on explanation task scores. We used these agreed upon scores in the subsequent analysis.

3.2.2 | Judgments of model plausibility

For each of the four MEL activities, students recorded their plausibility judgments of each model pre- and postinstruc-
tion. Students gauged the plausibility of each model using a 1-10 scale (1 = greatly implausible and 10 = highly plau-
sible), based on previous measures used by Lombardi and colleagues (Lombardi, Danielson, & Young, 2016; Lombardi
etal., 2013). We calculated plausibility scores as ratings for the scientific model minus ratings for the alternative model
(Table 2). A positive score indicated that a participant judged the plausibility of the scientific model as greater than the
alternative model, a negative rating indicated belief that the alternative model was more plausible, and a value of zero

indicated belief that both models were equally plausible.

3.2.3 | Knowledge

We created short, five-item knowledge instruments for each topic (climate change, fracking, wetlands, and the Moon),
which participants completed both prior to and just after engaging in a specific MEL activity. Per the methods used in
previous work, students rated each item on a 5-point Likert scale (1 = strongly disagree and 5 = strongly agree) indicat-
ing how closely scientists would agree with the statement (Lombardi, Danielson, & Young, 2016; Lombardi et al., 2013,
2014; Lombardi & Sinatra, 2013). In this way, answers reflected students’ understandings about the related scientific
processes rather than their personal beliefs or opinions on the topic. We developed these statements from informa-
tion on which there is clear scientific consensus. When the instruments were first created, there were approximately
30 such questions for each of the topics. However, as is the case with many classroom-based research studies, feed-
back from the teachers and students necessitated changes in the study methods. Specifically, we reduced the length
for all topics to only five items because teachers said that they were spending too much instructional time on survey
administration and students were viewing these longer instruments as unit tests, which was not our intention. In reduc-
ing the length of the knowledge instruments, at least one question addressed each evidence statement. Therefore, we
ended up using a total of 20 knowledge items over the course of the study (see the Appendix for acomplete list of these
items).

For the present study, the reliability of all 20 knowledge items was marginal at both pre- (« =.555) and postin-
struction (@ =.571). This is no surprise given that we reduced the length of the original knowledge measures due to
instructional concerns. Therefore, we used the Spearman-Brown prediction formula (Brown, 1910; Spearman, 1910)
to estimate the reliability of a larger number of equally reliable items. We found that extending this 20-item measure by
just four more items (one more item per topic) would increase pre and post a-values to over .9, which suggests that the
existing items reliably measure knowledge of the topics. Furthermore, our previous studies using the 27-item climate
change knowledge instrument, from which we drew the five items for the present study, has had consistently good to
very good reliability (Lombardi, Danielson, & Young, 2016; Lombardi et al., 2013, 2014; Lombardi & Sinatra, 2013).2
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Finally, the advisory panel to our project, which consists of two Earth scientists and two educational psychologists,

verified the face and content validity of our items.

3.3 | Procedures

Prior to conducting the year-long study, the research and development team, including the four master teachers whose
students were involved in the study, met for 3 days of professional development focused on reflection, sharing, plan-
ning, and implementation. The reflection and sharing involved teacher-led discussions about how to best implement
the instructional activities based on the pilot testing done in Year 1 of the project, which in turn influenced how they
implemented instruction for this study. During the professional development, the teachers decided to introduce each
MEL activity at the beginning of a unit prior to any instruction about the topic. The teachers and research team also
decided as a group to avoid direct instruction in any phase of the MEL activities. In other words, the teachers pre-
sented the MEL activities using the instructions present on the handed out materials. Class discussions that arose only
centered on elaboration and clarification of these instructions.

Students completed all of the activities over the course of a single school year, which included the full MEL activities
and additional measures before and after all four MELs were completed. A breakdown of activities completed by stu-
dents and the order in which they were implemented for each MEL is provided in Figure 2. Near the beginning of the
year, prior to completing any MEL, students performed the “plausibility ranking task” as an introduction to the ideas of
plausibility and critical evaluation. For this task, students were asked to rank the importance of different types of evi-
dence for determining the plausibility of a model. These four types of evidence were the same as the links that students
later indicated on the MEL: evidence that supports the model, strongly supports it, contradicts it, or has nothing to do
with it. After ranking the importance of each from 1 to 4, they read a small passage on falsifiability that states scientific
ideas cannot be proven but are rather disproven through opposing evidence and were then asked to rank the types of
evidence again. This provided an introduction to the idea of plausibility for students and an initial look at the comfort
with which they can evaluate the roles of scientific evidence. Teachers had the option of repeating or discussing this
activity as a review prior to doing the second MEL if they felt it was needed.

Students completed each MEL at the beginning of an instructional unit related to the topic (e.g., the climate change
MEL was the initial activity conducted in a unit on climate and weather, prior to any other instruction on the topic).
For a given MEL, students began by completing the associated knowledge test, if needed the plausibility ranking
task described above, and model plausibility ratings for that MEL. At this time, teachers also engaged the class in an
unscripted short discussion about the models and the idea of plausibility, to clarify misunderstandings about the MEL
process or address general questions about the topic. Students then began the MEL diagram, for which they were able
to read the evidence texts and complete the first page of the MEL in groups. They then worked individually to write
explanations on the second page of the MEL. Each MEL activity ended with the second iteration of the model plausi-
bility ratings and knowledge test for that MEL. Upon completion of this sequence, teachers moved on to teaching their
regular instructional unit.

Each implementation of a MEL activity (i.e., the sequence discussed in the paragraph above) took place over about
two regular class periods (~90 minutes total). The teachers implemented the MEL activities during regular class time

concurrently with their own planned curricula and at times when the topic of each MEL corresponded to scheduled
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lessons. As aresult, the timing and order in which students completed the MEL was different based on the teachers’ dis-

cretion. Finally, each teacher reported that students enjoyed completing the MEL activities throughout the school year.

4 | RESULTS

We present the results in two sections. The first section addresses Research Question 1 (How do plausibility judgments
and knowledge change when engaging in an instructional activity that facilitates high school students to think critically
about controversial and/or complex Earth science topics?) and represents a fine-grained analysis examining pre- and
post changes in knowledge and plausibility scores by participants’ teacher groups. We recognized that potential dif-
ferences in teaching, as wells as potential differences in topic, may influence outcomes, and we were curious about
the robustness of the MEL activities to these variations. The second section addresses Research Question 2 (What are
the relations between evaluation, plausibility reappraisal, and postinstructional knowledge, above and beyond back-
ground knowledge?) and represents a much broader survey of the overall relations between participants’ evaluations,
plausibility judgments, and knowledge.

4.1 | Research question 1: Changes in plausibility judgments and knowledge

We conducted two repeated measures multivariate analyses of variance (MANOVA) to examine our first research
question. Prior to conducting the MANOVAs, we screened the data to ascertain alignment with assumptions inher-
ent in ordinary least-squares analyses (OLS; e.g.,, MANOVA) about the normality and linearity of the sample, as well
as assumptions about the equality of the homogeneity of variance-covariance matrices. We found four participants
who consistently had z-scores less than —3 in many of the measured variables (plausibility, pre and post, for each MEL
activity; knowledge, pre and post, for each MEL activity). After removing these four participants as univariate outliers,
examination of Mahalanobis distance indicated no further outlier concerns. Almost all of the variables had skewness
and kurtosis of absolute value less than or equal to 1, which some researchers use as general rule of thumb to indicate
normality of the sample distribution (Nussbaum, 2014). The two exceptions were climate change knowledge, pre and
post. Because the selection criteria that the absolute value of skewness and kurtosis should be less than or equal to 1
is arbitrary (Nussbaum, 2014), and given the robustness of OLS analyses to violations of normality (Osborne & Waters,
2002), we decided to retain all variables in the MANOVAs. Our examination of scatterplots for pair combinations of the
measured variables also did not reveal any concerns with linearity. Finally, variance-covariance matrices were equiva-
lent for both knowledge (Box's M = 129, p =.255) and plausibility (Box's M = 117, p = .569). The following subsections
present the MANOVA results separately for the plausibility judgment and knowledge variables.

4.1.1 | Plausibility judgment

Table 3 shows the means for the plausibility judgment scores, with scores further broken down by MEL topic and par-
ticipants’ teacher group (e.g., SW1 = the group of students taught by Southwest Teacher 1). For the MANOVA, we
only retained participants who completed all four plausibility measures, pre and post (N = 153). In this MANOVA, par-
ticipants’ teacher group was the between-subjects variable, time (pre and post) was the within-subjects variable, and
climate change, fracking, wetlands, and Moon plausibility judgment scores were the dependent variables. The repeated
measures MANOVA did not reveal a significant interaction between group and time for the combined plausibility judg-
ment scores of all four topics, with Pillai’s trace =.124, F(12,444) = 1.59, p = .091. However, there was a significant
main effect in the combined plausibility judgment scores over time, with Pillai’s trace =.298, F(12,444) = 12.1,p <.001,
qp2 =.099 (moderate effect size; Tabachnick & Fidell, 2007).

Follow-up univariate ANOVAs showed there was a significant main effect over time for all groups, but only two
topics, which both showed positive shifts toward the scientific model: climate change [mean shift = 1.60, F(1,49) = 29.2,
p < .001, '1,)2 = .164, large effect size] and fracking [mean shift = 1.42, F(1,149) = 22.7, p < .001, npz =.132, large
effect size]. However, there was not a significant shift in plausibility judgments for either wetlands [mean shift = -.281,
F(1,149) = .522,p = .471] or Moon [mean shift = —.360, F(1,149) =.749, p = .388].
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TABLE 3 Plausibility scores for each topic and participants’ teacher group

Preinstruction Postinstruction
Participants’ teacher group n M SE M SE Shift pvalue
Climate
Swi1 36 0.25 0.49 0.50 0.46 0.25 .688
SW2 51 0.098 0.41 1.71 0.38 1.61 .002
MA1 29 0.97 0.54 3.86 0.51 2.90 <.001
MA2 37 0.54 0.48 243 0.45 1.89 .002
Fracking
Swi1 36 -1.58 0.52 -0.83 0.57 0.75 241
SW2 51 -1.92 0.43 -0.86 0.48 1.06 .050
MA1 29 -1.04 0.58 141 0.64 245 .001
MA2 37 -1.84 0.51 -0.081 0.56 1.76 .006
Wetlands
SW1 36 1.97 0.46 2.00 0.60 0.028 .965
SW2 51 2.10 0.38 173 0.50 -0.37 486
MA1 29 2.66 0.51 3.17 0.66 0.52 466
MA2 37 4.95 0.45 3.87 0.59 -1.08 .086
Moon
Swi1 36 0.19 0.58 0.028 0.58 -0.17 776
SW2 51 2.16 0.49 1.00 0.49 -1.16 .020
MA1 29 0.62 0.65 0.86 0.65 0.24 711
MA2 37 1.70 0.57 1.78 0.57 0.081 .888

Notes. SW1 = the group of students taught by Southwest Teacher 1, SW2 = the group of students taught by Southwest Teacher
2, MA1 = the group of students taught by Mid-Atlantic Teacher 1, and MA2 = the group of students taught by Mid-Atlantic
Teacher 2. For each topic, the possible range of plausibility scores is -9 to 9. Bolded values represent significant shifts in plau-
sibility (p <.05).

Follow-up simple effects analyses revealed more nuanced results for each of the participants’ teacher groups. For
example, although there were no differences in groups in climate change preinstruction plausibility scores, both MA1
and MA2 showed appreciable shifts and had significantly higher postinstruction plausibility scores than SW1 (all p-
values <.018). There were also no differences in groups in fracking preinstruction plausibility scores, but MA1 showed
an appreciable shift and had significantly higher postinstruction plausibility scores than SW2 (p = .030). MA2 had sig-
nificantly higher wetlands preinstruction plausibility scores when compared to the other groups (all p-values < .006).
But, wetlands postinstruction plausibility scores increased appreciably for SW1 and MA1, and therefore there was no
significant difference with MA2 after instruction (both p-values > .165). Finally, although SW2 experienced a significant
decline in Moon plausibility scores from pre- to postinstruction, there was no significant difference between any of the
groups at either pre- or postinstruction. Figure 3 shows the simple effects (as graphical columns) and main effects (as
numerical values) for plausibility scores.

In terms of practical significance, effect sizes of the significant shifts range from medium to large, and overall repre-
sent shifts toward the scientifically accepted model. As a way of interpreting the results, significant shifts range from

about one to three categories on a 10-category plausibility scale.

4.1.2. | Knowledge

Table 4 shows the means and detailed MANOVA results for knowledge scores, respectively, with scores broken down
by MEL topic and participants’ teacher group (e.g., SW1 = the group of students taught by Southwest Teacher 1).
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FIGURE 3 Model plausibility perception scores at pre- and postinstruction, with main effect means and standard
deviations for each topic indicated numerically above the each set of columns, and simple effects by location indicated
by individual column values. Bars on each column indicate +1 standard error. The maximum score range was —9 to
+9. SW1 = the group of students taught by Southwest Teacher 1, SW2 = the group of students taught by Southwest
Teacher 2, MA1 = the group of students taught by Mid-Atlantic Teacher 1, and MA2 = the group of students taught by
Mid-Atlantic Teacher 2

TABLE4 Knowledge scores for each topic and participants’ teacher group

Participants’ teacher group

SW1
SW2
MA1
MA2

SwWi1
SW2
MA1
MA2

SW1
SW2
MA1
MA2

SwWi1
SW2
MA1
MA2

Preinstruction

Postinstruction

n M

40 18.8
59 19.3
26 21.6
62 19.4
40 16.2
59 15.8
26 17.7
62 17.4
40 15.3
59 16.5
26 17.8
62 17.8
40 18.2
59 17.8
26 19.7
62 19.5

SE M SE Gain p value
Climate
0.46 20.5 0.38 1.68 <.001
0.36 19.5 0.31 0.21 .586
0.54 22.3 0.47 0.58 .315
0.35 20.3 0.30 0.88 .018
Fracking
0.36 18.0 0.42 1.80 <.001
0.30 17.3 0.35 1.46 <.001
0.44 18.5 0.52 0.77 159
0.29 18.2 0.34 0.80 .024
Wetlands
0.40 17.7 0.45 2.38 <.001
0.33 17.5 0.37 1.00 .018
0.49 16.7 0.56 -1.08 .089
0.32 18.0 0.37 0.22 .595
Moon
0.36 19.1 0.46 0.93 .040
0.30 18.8 0.38 1.03 .006
0.45 20.2 0.58 0.54 .333
0.29 20.8 0.37 1.26 .001

Notes. SW1 = the group of students taught by Southwest Teacher 1, SW2 = the group of students taught by Southwest Teacher
2, MA1 = the group of students taught by Mid-Atlantic Teacher 1, and MA2 = the group of students taught by Mid-Atlantic
Teacher 2. For each topic, the possible range of knowledge scores is 5-25. Values in bold represent significant knowledge gains

(p<.05).
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FIGURE 4 Knowledge scores at pre- and postinstruction, with main effect means and standard deviations for each
topicindicated numerically above the each set of columns, and simple effects by location indicated by individual column
values. Bars on each column indicate +1 standard error. The maximum score range was 5-25. SW1 = the group of
students taught by Southwest Teacher 1, SW2 = the group of students taught by Southwest Teacher 2, MA1 = the
group of students taught by Mid-Atlantic Teacher 1,and MA2 = the group of students taught by Mid-Atlantic Teacher 2

A few more participants completed all four knowledge measures, pre and post (N = 187). In this MANOVA, partic-
ipants’ teacher group was the between-subjects variable, time (pre and post) was the within-subjects variable, and
climate change, fracking, wetlands, and Moon knowledge scores were the dependent variables. Unlike plausibility
judgment scores, the repeated measures MANOVA revealed a significant interaction between group and time for the
combined knowledge scores of all four topics (climate, fracking, wetlands, and the Moon), with Pillai’s trace = .159,
F(12,546) =2.55,p=.003, '1p2 =.053 (small to medium effect size). There was also a significant main effect in the com-
bined knowledge scores over time, with Pillai’s trace =.251, F(12,546) = 15.1, p < .001, '1p2 =.251 (large effect size).

Follow-up univariate ANOVAs showed there was a significant main effect over time for all topics and groups. Each
topic showed a positive gain (i.e., postscores were always higher than prescores): climate change [mean gain =.797,
F(1,183) = 13.6, p < .001, 'Ip2 =.069, moderate effect size]; fracking [mean gain = 1.22, F(1,183) = 31.4, p < .001,
'1p2 =.146, large effect size]; wetlands [mean gain =.746, F(1,183) = 6.34, p = .013, np2 =.033, small effect size]; and
Moon [mean gain = 1.02, F(1,183) = 18.2,p < .001, '1p2 =.091, moderate effect size].

Follow-up simple effects analyses showed specific differences for each of the participants’ teacher groups. For
example, both SW1 and SW2 had significantly lower fracking knowledge scores at preinstruction than MA1 and MA2
(all p-values < .035), but at postinstruction, there was no statistically significant difference in fracking knowledge
scores between any of the participants’ teacher groups (all p-values > .097). Somewhat similarly, SW1 and SW2 had
lower wetlands knowledge scores than MA2 at preinstruction (both p-values <.031), but at postinstruction, there was
no statistically significant difference in wetlands knowledge scores between any of the participants’ teacher groups (all
p-values >.104). In two instances, one group showed consistently higher scores at both pre- and postinstruction than
the other three groups. First, MA1 had significantly higher pre- and postinstruction climate knowledge scores than the
other three groups (all p-values < .027). Second, MA2 had significantly higher pre- and postinstruction Moon knowl-
edge scores than both SW1 and SW2 (all p-values <.026). Figure 4 shows the simple effects (as graphical columns) and
main effects (as numerical values) for knowledge scores.

In terms of practical significance, effect sizes range from small to large, depending upon topic and participants’
teacher group. As a way of interpreting the results, knowledge gains generally ranged from 3 to 5% per topic, with some
groups’ knowledge gains as much as 10%. With each of the activities lasting only about 90 minutes total (two class peri-
ods of traditional instruction), such shifts may have practical significance when these activities are considered within

the context of a full unit of instruction (about 10-15 class periods).
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FIGURE 5 Evaluation scores by teacher and topic. Bars on each column indicate +1 standard error. The score range
was 1to4.SW1 = the group of students taught by Southwest Teacher 1, SW2 = the group of students taught by South-
west Teacher 2, MA1 = the group of students taught by Mid-Atlantic Teacher 1, and MA2 = the group of students
taught by Mid-Atlantic Teacher 2

4.2 | Research question 2: Relations between evaluation, plausibility reappraisal, and
knowledge

Figure 5 shows evaluation scores by teacher for each MEL activity. We conducted a MANOVA to analyze evaluation
score differences, with teacher as the grouping variable and evaluation scores as the dependent variable. There was
a significant difference between evaluations scores, with Pillai’s trace = .413, F(12,486) = 6.46, p < .0001, '1p2 =.138
(moderate effect size). However, a post hoc Tukey honest significant difference (HSD) analysis showed only two signif-
icant differences in evaluation scores (MA1 had significantly higher climate change evaluation scores than SW1, SW2,
and MA2; and MA1 had significantly lower fracking evaluation scores than SW2 and MA2). In other words, almost all
evaluation scores for the MEL activities were the same, ranging between a value of one (descriptive evaluations) and
two (relational evaluations). Because of the relative uniformity in evaluation scores, our analysis for Research Question
2 represents a broad examination of the overall relation between evaluation, plausibility reappraisal, and knowledge
through structural equation modeling (SEM).

The SEM analysis compares the direct and mediated relations between evaluation (as measured by the activities’
explanation tasks), plausibility reappraisal (as the simple gain in plausibility judgments, i.e., the difference between
post -and preinstruction plausibility scores), and postinstructional knowledge. In addition to comparing the direct and
mediated relations between evaluation, plausibility reappraisal, and postinstructional knowledge, we also examined
the direct relation between pre- and postinstructional knowledge to gauge the impact of the instructional activities
above and beyond background (i.e., preinstructional) knowledge.

We used variance-based structural equation modeling (VB-SEM) to examine these various relational paths, and
specifically used the Warp PLS v.4.0 statistical software (Kock, 2013). Unlike traditional, covariance-based structural
equation modeling, which assumes that all data are metric/continuous and conform to a normal distribution, VB-SEM
uses the partial least-squares method, which is based on ranked data and is distribution-free. Use of ranked-based data
allows for more statistical power without compromising or inflating the chance for Type | errors for a large range of
sample sizes and variation of group sizes (Reinartz, Haenlein, & Henseler, 2009). VB-SEM and partial least-squares
methods have been used increasingly in social science research (Esposito Vinzi, Chin, Henseler, & Wang, 2010) and
are being used more frequently in educational research (see, e.g., Hagger, Sultan, Hardcastle, & Chatzisarantis, 2015;
Lombardi, Danielson, & Young, 2016).

We constructed the latent variables in our model (postinstructional plausibility reappraisal, preinstructional knowl-
edge, postinstructional knowledge, and evaluation; Figure 6) using scores for all four topics (climate change, fracking,

wetlands, and Moon), respectively. Furthermore, because this analysis represents a broad view of these relations (i.e.,
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Plausibility
reappraisal score
(post — pre)

B=.11,p=.03,R?=.04

B=.17,p<.01,R2=.06

Knowledge score
(post)

Evaluation score

B=.49,p<.01,R2=.26

Knowledge score
(pre)

FIGURE 6 Comparison of mediated (by plausibility reappraisal) and direct causal models showing the relation of
evaluation to postinstructional knowledge, above and beyond preinstructional (background) knowledge. Plausibility
reappraisal score was calculated as the simple gain (i.e., the postinstructional plausibility score minus the preinstruc-
tional plausibility score)

as compared to the fine-grained analysis for Research Question 1, discussed above), we replaced any missing values
using the arithmetic mean imputation method (i.e., replacing missing values with column averages; Kock, 2014). None
of the variable columns had greater than 20% missing data and is therefore below the threshold where the imputation
method introduces significant biases, from the perspective of model testing (Hair, Black, Babin, & Anderson, 2009).
After excluding the four outliers who consistently had z-scores less than —3 in many of the measured variables, the
sample size in the VB-SEM was N = 295. The overall means and standard deviations of the four latent variables were:
evaluation (M = 2.20, SD = 0.35), plausibility reappraisal (M = 0.66, SD = 3.82), preinstructional knowledge (M = 18.2,
SD = 1.55), and postinstructional knowledge (M = 18.9, SD = 1.60).

We used several fit and quality indices to gauge the validity of our variance-based structural equation model. These
indices include overall goodness-of-fit (GoF), average path coefficient (APC), average coefficient of determination
across the model (average R? or ARS), average variance inflation factor for model parameters (AVIF), and average full
collinearity VIF (AFVIF). Tenenhaus, Amato, and Esposito Vinzi (2004) proposed that researchers use GoF as a criterion
for the overall model prediction performance based on both the measurement and the structural model. A model has a
large explanatory power when GoF is greater than 0.36 (Wetzels, Odekerken-Schroder, & van Oppen, 2009). Both APC
and ARS provide further information about model adequacy and should have values that are statistically significantly
different from zero (Hagger et al., 2015). Finally, high AVIF and AFVIF values indicate a potentially large degree of
collinearity (i.e., redundancy of variables; Tabachnick & Fidell, 2007) is present in the model. Values of AVIF and AFVIF
should generally be below 3.3 (Kock & Lynn, 2012) to ensure that variables are not redundant. For the present study,
the overall fit and quality of model was good, with GoF =.244 (medium effect size; Tenenhaus, Esposito Vinzi, Chatelin,
& Lauro, 2005); APC =.228,p <.001; ARS=.178,p <.001; AVIF = 1.07; and AFVIF = 1.26.

We included the model’s standardized path values in Figure 6. We chose standardized values because this allows
the reader to compare differences of magnitude between predictors with different scales. The direct path between
evaluation and postinstructional knowledge was significant, with p =.17, p <.01. Furthermore, the mediated relations
were also significant, with g = .14, p < .01, for the evaluation to plausibility reappraisal path, and g =.11, p = .03, for
the plausibility reappraisal to knowledge path. In other words, higher evaluation and greater plausibility reappraisal
were related to higher postinstruction knowledge scores. The total amount of variance in postinstructional knowledge
explained by the model was 36%, with the direct pathway involving evaluation accounting for about 6% of the vari-
ance in postinstructional knowledge and the mediated pathway involving the relation between evaluation and plau-
sibility reappraisal accounting for an additional 4% of the variance. In total, 10% of the variance in postinstructional
knowledge was related to evaluation scores, which represents almost a 40% increase above and beyond background

knowledge.
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5 | DISCUSSION

The results from the present study look promising when considering both the fine-grained analysis we used to exam-
ine Research Question 1 and the broader analysis we used with Research Question 2. The MANOVA results show
that some of the MELs promoted shifts in plausibility judgments toward scientifically accepted explanations, and over-
all knowledge increased, although modestly, in all the MELs. Furthermore, the structural equation model showed
that higher levels of evaluation related to greater postinstructional knowledge, with part of this relation mediated
by plausibility reappraisal. These results may support the theoretical position taken by Lombardi, Nussbaum, & Sina-
tra (2016) and the idea that evaluation is a process that is central to learning about science (Ford, 2015). However,
as is often the case with research conducted in classroom settings, the results are not completely clear-cut. There-
fore, we approach this general claim cautiously and recognize the need for more research in this area, with a poten-
tial reframing of the role of evaluation and plausibility in knowledge construction. In the case of two topics, wetlands
and Moon formation, participants’ plausibility judgments did not significantly shift after the instructional activities.
For the wetlands and Moon MELs, other types of cognitive processing associated with evaluation (e.g., elaboration
and organization that may not be directly related to plausibility judgments) may have contributed to postinstruc-
tional knowledge (Dole & Sinatra, 1998; Lombardi, Nussbaum, and Sinatra, 2016). This speculation warrants further
research.

5.1 | Implications for instruction

Evaluative reasoning is foundational to many;, if not all, scientific practices (Ford, 2015). Instruction that promotes eval-
uation may present an opportunity for students to more fully engage in scientific practices and deepen their under-
standing of core disciplinary content (NRC, 2012). Our findings here, along with previous research (see, e.g., Lombardi
et al,, 2013), serve as a potential indication for evaluation-based lessons to promote students’ active reappraisal of
scientific explanations. Such lessons could easily replace more passive lessons based on telling and transmission of
knowledge from the teacher to the student (e.g., lectures, fill-in the blank worksheets), especially because the type of
materials used in this study still involve reading of scientific text. The study results serve as a legitimate justification for
students to construct their own scientific understanding through authentic evaluation and critique.

Encouraging the application of scientific evaluation and explicit consideration of plausibility judgments may be par-
ticularly important when students confront unresolved concepts. Such topics may necessitate that students actively
construct their own understanding to make sense of the validity of more scientifically rooted ideas. Students should
also recognize how the faults and facts of multiple perspectives allow for reasonable and informed evaluations. Critical
evaluation may be facilitated a variety of classroom activities, such as the MEL diagram, critical questions and argument
vee diagrams (Nussbaum & Edwards, 2011), metacognitive prompts (Peters & Kitsantas, 2010), openness to alterna-
tives (Meyer & Lederman, 2013), peer evaluation of constructed explanations (Wang, 2015), self-regulation checklists
(Peters, 2012), and discursive actions (e.g., judging the validity of differing views; Christodoulou & Osborne, 2014).

For any activity in which students evaluate the plausibility of alternative models, it is also important that teachers
still clearly inform their students about which of the explanations is scientifically accepted. Some students’ difficulty
with evaluations could lead them toward lesser understanding. Therefore, we suggest following any activity comparing
alternatives with further discussions of about the scientific validity of all of the connections between evidence and
explanations. Most importantly, activities such as the MEL, where students consider alternative explanations, should
not be thought of as “Teaching the Controversy” (i.e., a campaign started to elevate nonscientific viewpoints in the
science classroom in a way that legitimizes mythological thinking; Foran, 2014). The goal of presenting alternatives
during activities that promote evaluation is to help develop students’ abilities to weigh the merits of alternatives, so
that students can ultimately make more critical evaluations and conclusions when facing scientific phenomena.

This study suggests that higher levels of evaluation are beneficial for students’ learning. Without explicit instruction,
students may have trouble basing their cognitive judgments about scientific knowledge on evidence. Constructing

evidence-based explanations is a fundamental basis for many of the NGSS performance expectations (NGSS Lead
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States, 2013). The explicit process of evaluating the connections between evidence and models may be one way
to promote more scientific judgments and deeper understanding (Eastwood, Schlegel, & Cook, 2011). When doing
so, students are also able to play a more active role in their own learning processes. This active learning could
make activities more engaging and help students be more effective in reappraising their personal judgments about
knowledge (Sinatra, Heddy, & Lombardi, 2015). Engaging in instructional activities based on evaluation may encourage
students to critique their prior understanding, thus promoting a habit of using the scientific practices when confronted
with science topics. Application of evaluation in the classroom is an engaging way for students to develop deeper

understanding of scientific knowledge and of the process for constructing scientifiyc knowledge.

5.2 | Limitations and concluding thoughts

Classroom-based studies can have strong ecological validity, but the nature of conducting such studies in authentic set-
tings means that certain limitations are inherent in these types of designs. For example, the study participants, although
from two very different regions and four separate populations, are not necessarily a representative sample that one
can generalize to other school settings. This limitation raises the potential need for future work on the relationships
between evaluation, plausibility reappraisal, and knowledge with other populations and age levels.

This particular study was not a comparison between types of instruction, and therefore, we cannot be completely
confident that the materials used were responsible for shifts in plausibility and changes in knowledge, as well as the
connection between evaluation, plausibility reappraisal, and knowledge. Although the resulting trends were consis-
tent and complementary between both the fine-grained analysis associated with Research Question 1 and the broader
analysis with Research Question 2, we cannot say with utmost certainty that other factors did not come into play.
For example, it may be that participants were motivated to meaningfully engage in the study’s instructional activities
because they were novel, specifically when compared to traditional, lecture-based instruction (Sinatra et al., 2015).
Participants may have also been more motivated because the activities asked the participants to be autonomous in
their process of evaluation and knowledge construction (Ryan & Deci, 2000). Anecdotal evidence from the teachers
whose students participated in the study suggests that students greatly enjoyed the study’s instructional activities. It
is also possible, but somewhat unlikely based on historical evidence (see, e.g., Katz, Kaplan, & Gueta, 2009), that the
instructional activities may have motivated students to seek out additional information about these topics outside of
class, particularly for those situations when the instruction ran over one class period. Other factors besides motivation
may have also been involved, but because we measured knowledge and plausibility judgments just prior to and imme-
diately after engaging in the study’s instructional activities, as well as examining evaluation as part of the instructional
activity (i.e., in scoring the explanation tasks), we have some confidence that the results are reflective of the interven-
tion. However, we do acknowledge the need for additional comparative studies, and our research efforts are ongoing
in this regard.

We concede that reducing the length of the knowledge instruments warrants caution in interpreting the results.
For example, it may be that shorter instruments are prone to prime students to respond in a particular way. However,
the results from both the shorter climate change knowledge instrument used in the present study and the longer cli-
mate change knowledge instrument used in earlier studies (see, e.g., Lombardi et al., 2013; Lombardi, Nussbaum, and
Sinatra, 2016) showed similar results. Reducing the length of the instruments also resulted in lower score reliability.
Such reduction is likely to attenuate results at the ends of sample distributions. This would most likely dampen the
pre- to postinstructional differences revealed in the fine-grained analyses that we conducted to investigate Research
Question 1.

Helping students develop their critical thinking skills is a daunting task for most educators; therefore, instructional
tools and methods that facilitate this important 21st century skill would be of great benefit to educators. In the sci-
ence classroom, being critical involves making evaluations about the validity of explanations based on lines of evidence.
With the many controversial and complex socioscientific issues found in an Earth science curriculum, such as climate
change and fracking, being explicitly evaluative of the connection between lines of evidence and alternative explana-

tions may help students figure out which of all plausible alternatives is the most scientific. Engaging students in critical
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evaluations may deepen their understanding about these phenomena, as well as their understanding of the scientific

practices used to construct valid scientific knowledge.
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NOTES

1Some could consider plausibility to mean a scientific discipline’s or community’s plausibility judgment about a theory’s expla-
nations. But for the present study, we specifically focused on students’ judgments about the plausibility of explanations.

2We acknowledge opening potential concerns about lower reliability of the knowledge instruments when we reduced the
number of items. However, lower reliability tends to attenuate results, particularly at the ends of the sample distribution,
due to higher signal to noise ratios (Osterlind, 2010). As such, lower reliability most likely dampens differences in distribution
samples (i.e., in the present study, lower reliability could dampen pre- to postinstruction differences; Carmines & Zeller, 1979).
Specifically, the pre- to post instructional differences that we found would be more likely to have a greater effect size if we
had used longer instruments, with subsequently higher Cronbach’s alpha.
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APPENDIX: KNOWLEDGE ITEMS

Topic Items Evidence
Climate 1. The Sun is the main source of energy for Earth’s climate. 4
change 2. We cannot know about ancient climate change.
3. Burning of fossil fuels produces greenhouse gases.
4. Greenhouse gases absorb some of the energy emitted by Earth’s surface.
5. Earth’s climate is currently changing.
Fracking 1. Movement of lithospheric plates causes earthquakes.
2. Fracking cracks dense shale rock formations, which releases natural gas.
3. Itis possible to predict both where and when an earthquake may occur.
4. Earthquakes are caused by slips in Earth’s crustal plates.
5. Arock layer can be porous but impermeable.
Wetlands 1. Wetlands occur naturally on every continent.
2. Loss of wetlands will have little impact on human welfare.

3. Frogs need wetland habitats in which to reproduce and feed.

W L, N DM P ODN D ODN W, D

4. Draining of some wetlands can result in release of carbon to that atmosphere, which could
increase global warming.

N

5. Wetlands cause sudden and damaging floods downstream.

Moon 1. Studying Moon rocks brought back by Apollo astronauts can tell us about the history of 4
the Moon.

2. The Moon’s orbit around Earth is slightly tilted compared to Earth’s orbit around the Sun. 3
3. Earth’s density is lowest in the core and increases as you go out toward the crust. 1

4. Craters on the Moon and mercury show that these objects have been impacted by many 2
smaller objects over billions of years.

5. Scientists have created good models about how the Moon formed. 2

Notes. The final column indicates the evidences (1-4) to which the item corresponds. Italicized items were reverse

coded, that is, these are statements with which scientists would disagree.



