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ABSTRACT
Socially relevant geoscience topics may be difficult for students to learn. For example, connecting 
hydraulic fracturing to Midwestern US earthquake swarms and using the fossil record to infer past 
Earth environments may challenge students because of their prior exposures to nonscientific 
explanations. Sociocognitive theoretical perspectives based on decades of developmental and 
educational psychology, as well as science education research posit that students may have 
particular difficulty in evaluating the connections between lines of scientific evidence and 
explanations. This challenge is especially daunting when students are confronted with various 
alternative explanations (e.g., scientific and nonscientific explanations). In the present study, we 
compared two types of scaffolds designed to facilitate Mid-Atlantic middle school students’ (N = 40) 
scientific thinking and learning about controversial geoscience topics when confronted with 
alternative explanations. In a less autonomy-supportive scaffold, participants were given four lines 
of evidence and two explanatory models, one scientific and one nonscientific. (Fracking; 
Supplementary Materials 1 & 2); in a more autonomy-supportive scaffold, students chose four of 
eight lines of evidence and two of three explanatory models, one scientific and two nonscientific 
(Fossils; Supplementary Materials 1 & 2). Quantitative analyses revealed that both activities facilitated 
students’ evaluations in shifting students’ judgments toward the scientific and deepening their 
knowledge, although the more autonomy-supportive activity had greater effect sizes. Structural 
equation modeling suggested that more scientific judgments related to greater knowledge at 
post-instruction for the more autonomy-supportive scaffold. These activities may help students 
develop more scientific evaluation skills, which are central to understanding geoscience content 
and science as a process.

Introduction

Reasoning about and evaluating the relations between evi-
dence and alternative explanations about phenomena is fun-
damental to many scientific practices. In fact, Ford (2015) 
made the claim that critique and evaluation are foundational 
to the eight science and engineering practices that are rec-
ommended to be incorporated into US K-12 science instruc-
tion (e.g., developing and using models; analyzing and 
interpreting data; NGSS Lead States, 2013). Students may 
think more critically, behave more scientifically, and gain a 
deeper understanding of fundamental scientific concepts 
when engaging in these scientific practices (National 
Research Council (NRC), 2012). In the present study, we 
examined the relations between scientific evaluations and 
judgments about alternative explanatory models, and knowl-
edge of complex and controversial geoscience topics; spe-
cifically, (a) the connections between hydraulic fracturing 

(fracking) and mid-America earthquake swarms and (b) use 
of fossil evidence to infer past climatic and surface 
conditions.

The process of evaluation may be at the core of many, 
if not all, scientific activities. Recent US science education 
reform guidance suggested that evaluation—involving both 
critique and argumentation—is at the nexus between inves-
tigating (collecting data and testing solutions about real 
world phenomena) and developing explanations and solu-
tions (using theories and models to formulate hypotheses 
and develop solutions) (NRC, 2012). Evaluation is an “iter-
ative process that repeats at every step of [scientific] work” 
and requires the application of critical thinking skills (NRC, 
2012, p. 46). Applied in classroom settings, students may 
evaluate how scientific data supports alternative hypotheses, 
and how a specific hypothesis is supported by scientific 
theories and/or models (Duschl & Bybee, 2014). More 
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critical evaluations are also a keystone of scientific literacy 
(Gormally et  al., 2012; Jurecki & Wander, 2012, Walsh 
et  al., 2019).

Making scientific evaluations often requires students to 
reason and be critical about the connections between evidence 
and explanations. The Call to Action for Science Education 
said that all people should “be able to evaluate evidence and 
distinguish between what are reliable sources of information, 
poorly supported claims and unequivocal falsehoods” 
(National Academies of Science, Engineering and Medicine 
[NASEM], 2021, p. 15). In the classroom context, students 
may be scientifically evaluative when asking critical questions, 
engaging in collaborative arguments, using model-based rea-
soning, and making more explicit judgments about the plau-
sibility of explanations in light of possible alternatives 
(Lombardi, Nussbaum et  al., 2016). Explicitly reflecting on 
and forming scientific plausibility judgements may be par-
ticularly important in situations when there are competing 
explanations about a phenomenon (e.g., earthquake swarms 
in the midwestern US are caused by fossil fuel fracking oper-
ations [scientific consensus] vs. natural crustal plate move-
ments [alternative]). Plausibility is specifically an epistemic 
judgment about the potential truthfulness of an explanation 
when considering various alternatives (Lombardi, Nussbaum 
et  al., 2016). Lombardi, Bailey et  al. (2018) and Lombardi, 
Bickel et  al. (2018) found that when students scientifically 
evaluate evidence and explanation, and shift their plausibility 
toward a more scientific stance, they often learn more deeply 
about geoscience topics (e.g., causes of current climate change 
and importance of wetlands on ecosystem services). This skill 
may be linked to students’ critical and argumentative reason-
ing (Governor et al., 2021; St. John & McNeal, 2017). Further, 
such skills serve as the foundations for many scientific and 
engineering practices (Ford, 2015).

Being more scientific and critical in evaluating how well 
lines of scientific evidence support an explanation—in light 
of alternatives—is often challenging for scientists and science 
students alike. In classroom contexts, instructional scaffold-
ing may facilitate more scientific evaluations when evaluating 
evidence to explanation connections (Kastens & Krumhansl, 
2017; Lin et  al., 2012; Pea, 2004; Sinatra & Lombardi, 2020). 
One such scaffold, called the Model-Evidence Link (MEL) 
diagram, may be particularly effective in facilitating students’ 
scientific reasoning and evaluations when learning about 
complex geoscience topics, such as availability of freshwater 
resources (Medrano et al., 2020). The MEL diagram activities 
are instructional scaffolds with a diagrammatic structure, 
designed to facilitate students’ evaluations about the con-
nections between lines of scientific evidence and alternative 
explanations of a phenomenon (e.g., fracking and fossils; 
Figure 1; Bailey et  al., 2020; Lombardi, 2016). Students then 
elaborate upon their evaluations in a written explana-
tion task.

The present study used Lombardi, Nussbaum et  al.’s 
(2016) theoretical framework to test the ecological validity 
and utility (e.g., classroom effectiveness) of MEL scaffolds 
designed to deepen secondary students’ learning in geosci-
ence. Based on this framework, prior studies have supported 
the effectiveness of the preconstructed MEL (pcMEL) in 

promoting plausibility shifts toward the scientific and 
reported 5%-10% knowledge gains during the 90-minute 
lesson (see, for example, Lombardi, Bailey et  al., 2018; 
Lombardi, Bickel et  al., 2018). Despite the pcMEL’s effec-
tiveness, students had difficulty transferring their scientific 
reasoning and knowledge outside the classroom context. 
Challenges in transfer suggest that students may need to 
further their agentic engagement in geoscience, where they 
actively contribute to the flow of instruction and deepen 
ownership of their learning (LaDue et  al., 2022; McNeal 
et  al., 2017; van der Hoeven Kraft, 2017).

Students’ agentic engagement may be facilitated via more 
autonomy-supportive scaffolding (e.g., instructional scaffold-
ing that supports students’ choice and control). Patall et  al. 
(2019) suggested that agentic engagement may emerge 
through a dynamic interplay of cognitive, social-behavioral, 
and emotional factors, which can be sparked via 
autonomy-supportive practices and scaffolding. Such scaf-
folding would afford opportunities for students to take 
action “during a learning experience (begins) by making 
suggestions, offering input, and expressing preferences” 
(Reeve & Shin, 2020, p. 152). Thus, our research team devel-
oped the build-a-MEL (baMEL) scaffold, which is designed 
to be more autonomy supportive because students first con-
struct their MEL diagrams by choosing their lines of sci-
entific evidence and alternative explanatory models from 
sets of options. One previous pilot study suggested that the 
baMEL was more effective than the pcMEL in promoting 
students’ scientific evaluations and plausibility judgements 
and knowledge about water resources (Medrano et  al., 2020). 
The primary goal of the present study was to test the effec-
tiveness of both MEL scaffold types in (a) promoting stu-
dents’ evaluations when gauging the connections between 
lines of geoscientific evidence and alternative explanations; 
(b) promoting plausibility appraisals toward a more scientific 
stance; and (c) deepening students’ geoscience knowledge 
about the dynamic nature of Earth’s systems. Based on the-
oretical and empirical studies in educational and develop-
mental psychology (Lombardi, Nussbaum et  al., 2016; Patall 
et  al., 2019; Reeve & Shin, 2020) and science and 
discipline-based educational research (LaDue et  al., 2022), 
we hypothesized the baMEL activity would show more sci-
entific evaluations and plausibility judgements, as well as 
deeper knowledge, than the pcMEL.

Literature context

Building upon decades of social cognitive research in science 
education and developmental and educational psychology, 
Lombardi, Nussbaum et  al. (2016) developed the plausibility 
judgements in conceptual change model (PJCC). The PJCC 
posits that plausibility—an epistemic “judgment of potential 
truthfulness when evaluating explanations (e.g., accounts of 
phenomena unfold that may lead to a feeling of understand-
ing)”—may facilitate learning of complex science topics, par-
ticularly when individuals are faced with scientific explanations 
that conflict with societal normalized, but nonscientific, 
explanations (e.g., causes of current climate change; Lombardi 
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et  al., 2013, p. 35). Operationally, the PJCC model says that 
students may shift their plausibility toward a more scientific 
stance and learn more deeply about scientific topics when 
presented with the opportunity to explicitly evaluate connec-
tions between lines of evidence and explanations, in light of 
alternatives. Continuing research (Bailey et  al., 2022; 
Lombardi, Bailey et  al., 2018; Lombardi, Bickel et  al., 2018, 
Medrano et  al., 2020) has incorporated the PJCC into the 
MEL instructional scaffold and supported the PJCC’s theo-
retical position for many Earth science topics, including the 
climate crisis and availability of freshwater resources.

Scientific evaluations and plausibility judgements

Scientific evaluations are at the core of many scientific and 
engineering practices. In fact, A Framework for K-12 Science 
Education, on which the Next Generation Science Standards 

were built (NRC, 2012; NGSS Lead States, 2013), placed 
“evaluating” at the nexus of the “spheres of activity” for 
scientists and engineers (p. 45). From a developmental per-
spective, this framework asserted that—for students to 
develop scientific literacy—they should make critical scien-
tific evaluations when they reach adolescence. Such critical 
evaluations often involve interpretations of how well scien-
tific evidence supports competing claims (Ford, 2015). 
Sinatra and Lombardi (2020) “argued that explicitly reap-
praising plausibility judgments may be a crucial addition to 
[critically] evaluating the connections between sources of 
information [e.g., lines of scientific evidence] and knowledge 
claims [e.g., scientific explanations of geoscience phenom-
ena]” (p. 128). Empirical evidence suggests that students 
who express a greater level of evaluation (i.e., from evalu-
ation levels of erroneous to descriptive to relational to crit-
ical) when gauging the connections between lines of 

Figure 1. S amples of student work using MEL diagrams.
Note. (a) Student MEL diagram for the Fracking pcMEL activity. (b) Student MEL diagram for the Fossils baMEL activity. The letters denote the models chosen by the student. The 
numbers denote the lines of evidence chosen by the student.
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scientific evidence and explanatory models, in light of an 
alternative, are correlational to their shift in plausibility 
judgments toward a more scientific stance (Lombardi, 
Brandt, et  al., 2016).

Science learning can be facilitated when students engage 
in scientific evaluations in their classrooms. Chi et  al. (2018) 
posited that greater levels of cognitive engagement occur 
when science learning is constructive (e.g., when purpose-
fully and critically evaluating the validity of scientific 
claims). Scientifically critical evaluations involve deeper pro-
cessing strategies that link and integrate prior knowledge 
with the alternative and novel science conceptions via elab-
oration and extension (Arthurs, 2018). However, scientific 
evaluations between lines of evidence and competing expla-
nations and explicitly appraising and reappraising plausibility 
judgements requires a relatively high cognitive demand and 
instructional scaffolding is often needed to help students 
learn in such situations (Heyd-Metzuyanim & Schwarz, 2017; 
Lombardi et  al., 2021). We specifically designed the MEL 
scaffolds to support students in making more scientific eval-
uations and reappraising the plausibility of competing 
explanatory models to help deepen their learning of complex 
geoscience concepts and become an active agent of their 
science learning (Bailey et  al., 2020; Lombardi, 2016; 
Lombardi et  al., 2022).

Autonomy to be a science learning agent

Geoscience classrooms are learning communities where stu-
dents—guided by teachers—make sense of phenomena (e.g., 
nature and causes of increasing earthquake swarms in the 
mid-Western US). Early adolescents seek more autonomy 
in classroom learning communities, particularly when they 
matriculate through secondary (middle and high) school 
(Collie, 2020). More autonomy-supportive science classrooms 
can increase students’ agentic engagement as a constructor 
of science knowledge via participation in scientific discourse 
and elaborative cognitive processing (Lombardi et  al., 2022; 
Patall et  al., 2019). However, such autonomy-supportive 
environments thrive with properly designed and imple-
mented instructional scaffolding and structure (Lombardi 
et  al., 2021; Reeve, 2013). Recent educational research has 
revealed that sustained and systematic use of instructional 
scaffolding can facilitate students reasoning and understand-
ing about complex and controversial scientific phenomena 
related to Earth’s systems and processes (Ceyhan et  al., 2019; 
Darner, 2019; Dauer, 2021; Governor et  al., 2021; Medrano 
et  al., 2020; Nussbaum, 2021). For example, previous studies 
have revealed that the preconstructed form of the MEL 
scaffold (i.e., the pcMEL) was effective in facilitating stu-
dents’ knowledge construction within the classroom context. 
This has been suggested by pre- to post-instructional gains 
and comparative relational pathways derived via structural 
equation modeling in previous research (Lombardi, Bailey 
et  al., 2018; Lombardi, Bickel et  al., 2018). However, we 
wondered if students were more autonomous in constructing 
their MEL diagrams, would this result in increased agentic 
engagement. Therefore, our overall purpose was to 

investigate the baMEL, which we designed to be a more 
autonomy-supporting form. We specifically enhanced the 
MEL scaffold with the hope of increasing students’ agentic 
engagement during the learning process, where students 
construct their diagrams prior to analyzing and evaluating 
how well lines of evidence support alternative explana-
tory models.

The present study

The present study compared two instructional scaffolds: The 
Fracking pcMEL (Figure 1a; Hopkins et  al., 2016) and the 
Fossils baMEL (Figure 1b; Governor et  al., 2020). In the 
Fracking pcMEL, students are presented with four lines of 
scientific evidence and two alternative explanatory models 
about the increased frequency in earthquake activity in the 
midwestern US in a pre-constructed diagram format. In the 
Fossils baMEL, students select four lines of scientific evidence 
from eight possible choices and two alternative explanatory 
models from three choices about the reliability of subsurface 
fossils for inferring past paleo-climatic and surface changes. 
Both activities cover scientific topics that align with several 
disciplinary core ideas, scientific practices, and crosscutting 
concepts identified in recent science education reform efforts 
(NRC, 2012). For example, both scaffolds align with a dis-
ciplinary core idea related to Earth’s materials and systems 
(ESS2.A), which says that “Earth’s systems, being dynamic 
and interacting, cause feedback effects that can increase or 
decrease the original changes” (NRC 2012, p.181). We spe-
cifically asked the following research questions:

1.	 What are the levels of students’ evaluations (errone-
ous, descriptive, relational, or critical) when they 
engage in the pcMEL and baMEL instructional treat-
ments and how do students’ plausibility judgements 
and knowledge change over the course of these two 
instructional treatments?

2.	 How does the increased opportunity for students’ 
agency influence the relations between their levels of 
evaluation, plausibility judgements, and knowledge 
when participating in MEL activities?

Based on past research studies and theoretical perspec-
tives on increasing autonomy in classroom learning situa-
tions (e.g., Lombardi, Bailey et  al., 2018; Lombardi, Bickel 
et  al., 2018; Patall, 2019), we hypothesized that the MEL 
scaffolds would result in plausibility shifts toward the sci-
entific and knowledge gains from pre- to post-instruction, 
with greater levels of evaluation, plausibility shifts, and 
knowledge gains for the baMEL form of the scaffold (RQ1). 
Per the PJCC (Lombardi, Nussbaum et al., 2016), we hypoth-
esized that the relational pathway linking levels of evalua-
tion, plausibility, and knowledge would be above and beyond 
the relational pathway directly linking levels of evaluation 
and knowledge, as shown in Figure 2. Furthermore, we 
hypothesized that strength of these relational pathways 
would be greater with the baMEL based on notions of 
autonomy-supportive scaffolding (Patall et  al., 2019).
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Methods

The present study was situated within a six-year, 
design-based research project. Such projects typically exam-
ine instructional effectiveness through an iterative process 
(Barab & Squire, 2004). The research team constructed all 
materials (e.g., lines of evidence and alternative explana-
tions) through a design-based research process, involving 
iterations of development, testing, analysis, and review. The 
research team, which includes practicing classroom teachers, 
science education researchers, educational psychologists, 
and geoscientists, use primary source documents from 
highly ranked scientific journals (e.g., Science, Nature, 
Psychological Science in the Public Interest) in developing 
these materials. After going through multiple iterations of 
development and testing, an independent panel of scientific 
advisors review the materials for accuracy, precision, reli-
ability, and validity. We specifically used pilot test data 
collected in classroom contexts during the project’s second 
and third years. The data were collected quantitatively or 
through the quantization of the text of students’ written 
responses. The data were transformed from qualitative to 
quantitative via the use of a rubric (Lombardi, Brandt et  al., 
2016) with two coders separately rating each response then 
coming together to compare rubric scores and reconcile 
any differences. This process of quantizing facilitates the 
demonstration of relationships between the evaluation 
scores and the quantitative variables in the study 
(Creamer, 2018).

Setting and participants

The present study was exploratory, and we conducted the 
study at a middle school in the Mid-Atlantic region of the 
US, with participants (N = 40) enrolled in a grade 6 Earth 

science course of a classroom teacher that attended a pre-
vious Earth science education professional development 
workshop. The participants reflected the demographic char-
acteristics of the school, which is located in a suburban 
community flanked on one side by a high-density population 
area of appreciable poverty, and on the other side by a 
low-density population area of appreciable wealth (US 
Census, 2021). Specifically, the participants were predomi-
nantly Hispanic (of any origin) (41%), with the remainder 
White (30%), Asian (18%), and Black (11%). Slightly more 
of the participants were male (52%).

Instructional materials and measures

We implemented the MEL scaffolds, which covered two 
different geoscience topics: (a) connections between fracking 
and mid-America earthquake swarms (i.e., Fracking pcMEL) 
and (b) use of fossil evidence to infer past climatic and 
surface conditions (i.e., Fossils baMEL). These topics 
included lines of scientific evidence and explanatory models 
about geoscience-related phenomena that students could 
evaluate. Details about the design and structure of each 
scaffold is found in Supplementary Materials 1 and 2. Both 
topics were part of the curricular scope and sequence in 
the classroom that participated in the present study.

Fracking pcMEL
The Fracking pcMEL scaffold contained four lines of scientific 
evidence and two explanatory models (one scientific and one 
nonscientific alternatives; Supplementary Materials 1 &  2). 
Teachers did not tell the students prior to or during the 
activity which of the two was the scientific model. In the 
Fracking pcMEL diagram (Figure 1a), the explanatory models 
were presented in the center of the page, in two separate 

Figure 2.  Hypothetical partial least squares-structural equation model relating plausibility, evaluation, and knowledge.
Note. Indicators (i.e., observed values) are designated by rectangles and constructs (i.e., derived values) are designated by ovals. The Fracking pcMEL knowledge score consisted of 
5 items. The Fossils baMEL knowledge score consisted of 11 items.

https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
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boxes (explanatory texts had no labeling indicating which 
one is scientific and alternative explanation). The four lines 
of scientific evidence were located on the left and right edges 
of the page in boxes. Student participants were also given 
“evidence texts,” which were one-page summaries for each 
line of evidence that included expository text, graphs, and/
or diagrams reviewed and validated by geoscientists. After 
reading the texts, the classroom teacher instructed student 
participants to draw different types of arrows from each 
evidence text to both models based on how well they thought 
the evidence supported the model. Four different types of 
arrows were used; a squiggly arrow indicated the participant 
believes that the evidence strongly supports the model, a 
straight arrow indicated that the evidence supports the model, 
a dotted line arrow indicated the evidence had nothing to 
do with the model, and a line with an “X” in the middle of 
it indicated that the evidence contradicts the model. Overall, 
the participants drew eight arrows in total (Figure 1a).

Fossils baMEL
The Fossils baMEL activity first introduced the students to 
the eight lines of evidence and the three explanatory models 
(Supplementary Materials 1 &  2). Unlike the pcMEL dia-
gram, where models are provided, the baMEL diagram tem-
plate contained two blank boxes in the middle in which 
participants wrote the letter of the explanatory models they 
selected (A, B, and/or C), and four blank boxes around the 
edge where participants wrote the number of the lines of 
evidence they selected. In other words, participants filled 
in these blanks by selecting two of the three explanatory 
models and four of the eight lines of evidence. Compared 
to the pcMEL, the baMEL gave participants the opportunity 
to pick which evidence text and exploratory models they 
would like to incorporate into their MEL diagram and was 
therefore more autonomy supportive (Reeve & Shin, 2020). 

Similar to the pcMEL, students were given one-page “evi-
dence texts” providing more details about each of the eight 
lines of scientific evidence. After choosing their two models 
and four lines of evidence, student participants connected 
the evidence texts to models using the four different types 
of arrows to connect each evidence and model, for a total 
of eight total arrows (Figure 1b).

Explanation task: Evaluation score
After completing a MEL diagram (either pcMEL or baMEL), 
student participants completed what we call the “Explanation 
Task” (Figure 3). Participants picked two of the connections 
that they drew from the MEL activity and gave their expla-
nation of why they chose a particular type of arrow to indi-
cate their evaluation of the strength between a particular line 
of evidence and a particular model. Using a scoring system 
and rubric developed by Lombardi, Brandt et  al. (2016), cod-
ers rated explanations for different levels of evaluation using 
a rubric: 1 = Erroneous, 2 = Descriptive, 3 = Relational, or 
4 = Critical (Supplementary Materials 3). These categories rep-
resent levels of evaluation based on the accuracy, elaboration, 
and reasoning present in participants’ responses. To establish 
coding reliability, two raters independently coded participants’ 
explanation tasks. They then met and resolved all differences 
in scoring via discussion, at times with a third coder to assist 
with that resolution, with full consensus reached after con-
sultation. The final evaluation score was the average of the 
consensus scores for each explanation.

Model plausibility rating task: Plausibility judgment 
scores
For both the pcMEL and baMEL, students were instructed 
to rate the plausibility of all explanatory models, both pre- 
and post-instruction. For the Fossils baMEL, students 

Figure 3. S ample of student explanation task.
Note. This explanation task is an example from the Fracking pcMEL.

https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
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recorded their plausibility judgments for all three explana-
tory models, while for the Fracking pcMEL, students 
recorded their plausibility judgments for the two explanatory 
models. Students gauged the plausibility of each model using 
a 1–10 scale (1 = greatly implausible and 10 = highly plausi-
ble), based on methods used by Lombardi, Sinatra et  al. 
(2013). Because the Fracking pcMEL offered two explanatory 
models, scores were calculated as the rating of the scientific 
model minus the alternative. The Fossils baMEL offered 
three different explanatory models (scientific and two non-
scientific alternatives), and therefore, two different scores 
were calculated: scientific minus nonscientific alternative 1 
and scientific minus nonscientific 2. Scores could range on 
a scale from −9 to +9, where positive scores indicated that 
participants judged the scientific model as more plausible 
than the alternative model and negative scores indicated 
participants judged the nonscientific alternative as being 
more plausible than the scientific.

Knowledge scores
Student participants completed a multi-item knowledge sur-
vey instrument (at pre- and post-instruction). The Fossils 
Knowledge Survey contained eleven items and the Fracking 
Knowledge Survey contained five items (Supplementary 
Materials 4). Students ranked each item on a 5-point Likert 
scale (1 = strongly disagree and 5 = strongly agree) on their 
knowledge of how scientists would agree with each item 
statement per the methods outlined in Lombardi et  al. 
(2013). At least one question in each set addressed each 
line of scientific evidence. Some questions statements were 
negatively worded (i.e., in effect scientists would disagree 
with these knowledge statements) and we reverse coded 
these statements prior to calculating knowledge scores. 
McDonald’s omega (ω) coefficients were used to examine 
if the knowledge scale for each scaffold and each time point 
were sufficiently reliable (Fracking pcMEL pre: ω = 0.244, 
post: ω = 0.723; Fossils baMEL pre: ω = 0.628, post: ω = 0.766). 
The Fracking pcMEL may have shown a relatively low 
omega value at pre-instruction because students have little 
or no knowledge of fracking prior to the activity, which 
may indicate that they were guessing about the survey 
answers randomly (Allen et  al., 2008).

Procedures

Figure 4 shows a schematic of the procedures we used. The 
teacher introduced the Fracking pcMEL activity at the 

beginning of an instructional unit. The teacher introduced 
the Fossils baMEL activity later in the same instructional 
unit. The order of the activities was determined by instruc-
tional needs of the teacher, as well as the providing students 
activities with increasing levels of complexity. Prior to each 
activity, students completed a knowledge survey and model 
plausibility ratings for all explanatory models presented in 
the activity. At this time, teachers also engaged the class in 
an unscripted short discussion about the model(s) and the 
idea of plausibility to clarify misunderstandings and address 
general questions about the topic. When completing the 
Fracking pcMEL activity, students read the evidence texts 
and completed the diagram in small groups. Next, they 
worked individually to write up the explanation task. The 
activity ended with the second iteration of the model plau-
sibility ratings and fracking knowledge survey.

When completing the Fossils baMEL activity, students 
first read the texts for all eight lines of evidence and then 
were introduced to the three alternative models explaining 
the phenomenon. Small groups of students worked together 
to select four lines of evidence from the eight available and 
two alternative models from the three available. The students 
used the four lines of evidence and two models to construct 
a MEL diagram, which they then completed by drawing 
arrows for both activities. In both the Fracking pcMEL and 
the Fossils baMEL activities, students worked individually 
to complete the explanation task. Each activity ended with 
the second iteration of the model plausibility ratings and 
corresponding knowledge survey. Upon completion of this 
sequence, teachers moved on to teaching their regular 
instructional unit. Each MEL activity took place over about 
two regular class periods (∼90 minutes total), with negligible 
difference in instructional time between the Fracking pcMEL 
and Fossils baMEL.

Results

We present the results in two sections—the first addresses 
RQ1: How do students’ (a) evaluations about the connections 
between lines of scientific evidence and explanatory models, 
(b) shifts in plausibility judgements, and (c) changes in 
knowledge about geology compare between the two instruc-
tional scaffolds, the Fracking pcMEL and the Fossils baMEL?; 
and the second addresses RQ2: How do the relationships 
between plausibility, evaluation, and knowledge compare 
between the Fracking pcMEL and the Fossils baMEL? The 
analyses associated with RQ1 were paired-samples compar-
isons between the instructional treatments, while those 

Figure 4. S tudent procedures for completing a MEL diagram.
Note. Students first completed the knowledge survey and the plausibility ratings. Then, students completed each pcMEL (1) and baMEL (2) activity over about two regular class 
periods, after which they completed another knowledge survey and plausibility ratings. The only difference between the two MEL activities is that in the baMEL, students chose the 
models and evidence statements from a set of options.

https://doi.org/10.1080/10899995.2023.2200877
https://doi.org/10.1080/10899995.2023.2200877
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associated with RQ2 were structural relations modeled 
between the three variables: levels of evaluation, plausibility 
judgements, knowledge. Prior to conducting these analyses, 
we screened the data for outliers and to ascertain alignment 
with normality assumptions, which is common in many 
quantitative educational research studies. We found no uni-
variate outliers and concluded sample normality after exam-
ining skewness, kurtosis, and normal probability plots.

Research Question 1

Although the screening analysis showed that the sample was 
reasonably normal, we conducted a categorical nonparametric 
data analysis because we knew ahead of time the sample size 
was relatively small. Therefore, we did not assume—a pri-
ori—that the sampling distribution would approach normality 
because Nussbaum (2014) suggested that choosing a statistical 
test (e.g., a t-test, which is commonly used for relatively 
large sample sizes) prior to data analyses is scientifically 
appropriate. Another reason we chose to conduct a categor-
ical nonparametric test was to optimize the potential power 
of the analysis on this relatively small sample. We specifically 
conducted Wilcoxon signed-ranks tests, to investigate differ-
ences in levels of evaluation and pre- to post-instructional 
differences in plausibility and knowledge scores between the 
Fracking pcMEL and the Fossils baMEL. Shown in more 
detail in Table 1 and Figures 5–7, the Wilcoxon signed-ranks 
tests revealed that evaluation scores were significantly greater 
for the Fossils baMEL than for the Fracking pcMEL, with 
medium effect size (Kerby, 2014). There was also a significant 
shift in plausibility scores toward the scientific for the 
pcMEL, with a large effect size. However, there was not a 
significant shift in plausibility toward the scientific model 
for the baMEL. There were significant increases in knowledge 
scores for both the pcMEL and baMEL, with both gains 
showing a medium effect size.

Research Question 2

We used structural equation modeling to answer Research 
Question 2. Prior to conducting the analyses, we constructed 
a hypothetical conceptual model based on Lombardi, 
Nussbaum et  al.’s (2016) theoretical framework linking eval-
uation, plausibility, and knowledge, as well as prior empirical 
research (Figure 2; see for example, Lombardi, Bailey et  al., 
2018; Lombardi, Bickel et  al., 2018). The conceptual model 
reflects this research question that we want to test empiri-
cally. The conceptual model also could be directly adopted 
as our measurement model in a structural equation 

modeling (SEM) environment. Figure 2 specifically depicts 
a model where plausibility judgments mediate the relations 
between levels of evaluation and knowledge. The model also 
reflects the direct relation between levels of evaluation and 
knowledge. Therefore, in the subsequent analyses, we were 
able to compare these two different pathways.

We first analyzed these relations using WarpPLS 7.0 
(Kock, 2020), a program that employs a “warping” partial 
least squares (PLS) structural equation modeling (SEM) path 
analysis to afford greater accuracy by not assuming linear 
relations between variables (Kock, 2016).

We selected jackknifing as the resampling technique when 
running our path analyses because this technique may 
reduce standard error and increase statistical power for rel-
atively small sample sizes by removing one or more indi-
cators at a time and replacing them with partial estimates 
(Abdi & Williams, 2010; Quenouille, 1949; Tukey, 1958). 
Using this jackknifing replacement method often increases 
the predictive ability of the PLS-SEM (Kock, 2020). Model 
comparisons were made using Tenenhaus Goodness of Fit 
(GoF), which answers how well different subsets of the data 
can be explained by the model and is an indicator of overall 
model robustness and strength (Henseler & Sarstedt, 2013). 
WarpPLS constructed the students’ pre- and post-instruction 
knowledge scores latent variables using the individual knowl-
edge survey items as indicators.

After completing the PLS-SEM, we implemented a holis-
tic approach to evaluating the relationships formed by the 
model, using the significance, the standardized path values, 
and the effect size of each pathway (measured by Cohen’s 
f-squared; Smith, 2020). Though significance testing via 
p-value played an important role in how we assessed our 
data, recent guidance suggests that p values alone should 
not exclude relationships, in the light of additional pathway 
strength indices (Amrhein et  al., 2019). Further, Wasserstein 
et  al. (2019) implored researchers to not “believe that an 
association or effect is absent just because it was not sta-
tistically significant” (p. 1). Therefore, this more holistic 
approach provided us the opportunity to more fully gauge 
the strength and robustness of pathway relations than is 
afforded by using p-value alone.

Fracking pcMEL PLS-SEM results
We found that the Fracking pcMEL produced a robust and 
strong fit (Tenenhaus GoF = 0.453, large effect size). 
Standardized path values and pathway effect sizes revealed 
strong relations from pre-instruction plausibility (PrP) to 
evaluation (E) and to post-instruction plausibility (PoP). 
The E to PoP relationship is strong, as is the pre-instruction 

Table 1.  Pre- to post-instructional variable score differences.

pc-MEL ba-MEL
M (SD) M (SD) T p r

Evaluation 2.03 (0.70) 2.29 (0.76) 256 .038 .462
pc- MEL ba- MEL pc-MEL ba-MEL
pre M (SD) post M (SD) T p r pre M (SD) post M (SD) T p r

Plausibility −2.58 (4.23) 2.68 (3.48) 693 < .001 .970 3.01 (2.56) 3.61 (2.90) 423 .280
Knowledge 3.58 (0.51) 3.79 (0.43) 403 .028 .437 3.73 (0.42) 3.92 (0.51) 485 < .001 .541

Note. M = score mean, SD = score standard deviation, T = the test statistic for the Wilcoxon signed-ranks test (the sum of the signed ranks), and r = matched 
ranked biserial correlation coefficient, which is a measure of effect size for the Wilcoxon signed-ranks test.
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knowledge (PrK) to post-instruction knowledge (PoK) rela-
tionship (Table 2). The remaining links between variables 
were relatively weak (Figure 8).

Figure 5. L evels of evaluation scores for the two scaffolds.
Note. N = 40. Error bars indicate ±1 SE.

Figure 6.  Pre- to post-instruction plausibility judgment scores for the two 
scaffolds.
Note. N = 40. (a) Fracking pcMEL and (b) Fossils baMEL. Error bars indicate ±1 SE.

Figure 7.  Pre- to post-instruction knowledge scores for the two scaffolds.
Note. N = 40. Error bars indicate ±1 SE.
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The strength of the PrK-PoK relationship is not surpris-
ing. Past research (see, for example, Braasch & Goldman, 
2010; Klosterman & Sadler, 2010) has indicated strong rela-
tions between students’ prior knowledge and their 
post-instruction knowledge gains. This is particularly evident 
when analogies (which are often used in explanatory mod-
els) provide the framework for that construction because 

these analogies provide a frame of reference for the devel-
opment of mental models (Norman, 1983). The E-PoP rela-
tionship is also strong, though not quite as strong as either 
the PrP-E or the PrP-PoP relationships. The E-PoP relation-
ship is not surprising, as previous research has indicated 
that the evaluation of the relations between evidence and 
explanatory models does impact students’ plausibility 

Figure 8.  Partial least squares-structural equation model relating the fracking pcMEL plausibility, evaluation, and knowledge.
Note. N = 40. Indicators (i.e., observed values) are designated by rectangles and constructs (i.e., derived values) are designated by ovals. Solid lines denote strong relationships and 
dashed lines denote weak relationships. The Fracking pcMEL knowledge score consisted of 5 items.

Figure 9.  Partial least squares-structural equation model relating the fossils baMEL plausibility, evaluation, and knowledge.
Note. N = 40. Indicators (i.e., observed values) are designated by rectangles and constructs (i.e., derived values) are designated by ovals. Solid lines denote strong relationships and 
dashed lines denote weak relationships. The Fossils knowledge score consisted of 11 items.
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reappraisals (Lombardi, Bailey et  al., 2018; Lombardi, Bickel 
et  al., 2018; Medrano et  al., 2020). The PoP-PoK relation 
was not robust, which contrasts with previous empirical 
work investigating the pcMEL for other topics (Medrano 
et  al., 2020).

Fossils baMEL PLS-SEM results
The Fossils baMEL PLS-SEM (Figure 9) also exhibited a 
robust and strong goodness of fit (Tenenhaus GoF = 0.427, 
large effect size). The PrK-PoK and PrK-E relations were 
of moderate strength, as was the PrP-PoP relationship 
(Table 3). The PoP-PoK relationship is of note, due to the 
relatively high standardized path value (β = 0.40) and mod-
erate effect size (f 2 = 0.21). Students often have extensive 
preexisting knowledge about fossils, even from an early age 
(Borgerding & Raven, 2018), and this may lead to the 
impact of prior knowledge on the PoK score.

PLS-SEM comparison
We use two metrics to compare the two PLS-SEM outcomes: 
GoF, as an indicator of overall SEM effect size, and Cohen’s 
f-squared, as indicators of specific pathway effect sizes. Both 
the Fracking pcMEL and the Fossils baMEL exhibit strong 
effect sizes (Tenenhaus GoF = 0.453 and 0.427, respectively) 
that are virtually equivalent and suggest that the overall 
model structures are very similar. As shown in Table 4, 
both PLS-SEMs show a relatively strong PrK-PoK relation-
ship with moderate effect size, as well as PrP-PoP relation-
ships of similar importance. The Fracking pcMEL does 
exhibit a stronger E-PoP relationship than the Fossils 
baMEL, whereas the baMEL has a much stronger PoP-PoK 
relationship. Figure 10 shows these comparisons graphically, 
with a 1:1 comparison shown as a diagonal line on the 
graph as a reference. Points above and to the left of this 
reference reveal a pathway comparison that favors the 
baMEL. Points below and to the right of the reference reveal 
a pathway comparison that favors the pcMEL. The PoP-PoK 
relationship comparison shows that students’ post-instructional 
plausibility judgements have a greater impact on 
post-instructional knowledge gains for the baMEL. 
Conversely, the PrK-E relationship is more dominant with 
the pcMEL. This suggests that the baMEL is more favorable 
in promoting plausibility shifts, with students relying less 
on their background knowledge—which may be inconsistent 
with geoscientific understanding—with the pcMEL. However, 
both forms of the scaffold showed knowledge increases, 
which indicates that the relations between levels of evalua-
tion, plausibility shifts, and knowledge gains may be some-
what more complex than the hypothesized model.

Discussion

Although somewhat mixed, the results suggest that the 
baMEL activity is more effective than the pcMEL. We 
hypothesized that the baMEL activity would show more 
scientific evaluations and plausibility judgements, and 
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deeper knowledge than the pcMEL. The analyses associated 
with RQ1 revealed that the baMEL resulted in moderately 
greater levels of evaluation than the pcMEL, with both 
scaffolds moderately increasing students’ geoscience knowl-
edge from pre- to post-instruction. In terms of practical 
significance, students increased their knowledge for each 
topic by about 5%, which is meaningful and practically 
significant for classroom use (Figures 4–6). Given that the 
MEL activities take only about 90 minutes and constitute 
just one in a series of lessons that instructors would prob-
ably use in a geoscience instructional unit, they may rep-
resent an effective use of classroom instruction time. 
However, only the pcMEL resulted in moderate shifts 
toward more scientific plausibility judgments, pre- to 
post-instruction. This result may suggest that students have 
different levels of prior knowledge about fracking/earth-
quakes and fossils. Based on the learning progression found 
in A Framework for Science Education, upon which the 
NGSS and many state science education standards have 
been constructed, students may have had little or no 
instruction about fracking/earthquakes prior to middle 
school, whereas students may have had appreciable instruc-
tion about fossils in elementary school (NRC, 2012). The 
framework also suggests that fossils and paleoclimatology 

are important concepts to be learned in elementary school, 
with increased emphasis in middle school and beyond 
(Borgerding & Raven, 2018; Governor et  al., 2020). For 
example, fossils are specifically referenced in multiple ele-
mentary disciplinary core ideas within the standards. 
However, fracking is not explicitly mentioned at any level. 
Although teachers may cover certain aspects of natural 
resources, such as fracking and fossil fuel drilling, instruc-
tion related to fracking is minimally supported by the NGSS 
and state standards frameworks prior to middle school 
(NGSS Lead States, 2013). Thus, the novelty of the topic 
(in this case fracking/earthquakes) may be a factor in influ-
encing plausibility appraisal and (re) appraisal (Governor 
et  al., 2020). Another plausible explanation may be that, 
because the pcMEL was introduced to the participants first, 
the novelty of engaging in the scaffold may have influenced 
their depth of scientific reasoning or influenced the out-
come of the baMEL activity (Lombardi et  al., 2022). Either 
of these explanations may be supported when considering 
the participants’ age was at the beginning of early adoles-
cence, a time of transition in science learning from more 
concrete to more abstract conceptual representations (Driver 
& Easley, 1978). In past empirical studies, high school stu-
dents showed strong plausibility judgment shifts, pre- to 
post-instruction, when using the Fracking pcMEL (Lombardi, 
Bailey et  al., 2018; Lombardi, Bickel et  al., 2018).

Results from the structural pathways comparison (RQ2) 
further support our hypothesis. Both the Fracking pcMEL 
and the Fossils baMEL PLS-SEMs suggested that 
post-instructional knowledge may have been driven by the 
students’ prior knowledge and, to a lesser extent, their 
pre-instruction plausibility judgements. This is not overly 
surprising, as previous research has long shown that prior 
knowledge is quite influential in students’ learning contexts 
(Alexander et  al., 1994; McCarthy & McNamara, 2021). 
When students possess greater prior knowledge about a 
subject, they are more likely to have frameworks that allow 
for greater engagement with, and deeper understanding of 
activities designed for additional learning within that subject 
(Bae & DeBusk-Lane, 2019; Sinatra et  al., 2015). Therefore, 
there is a stronger foundation upon which new knowledge 
may be built. However, these comparisons also indicated 
that students’ post-instructional plausibility judgements for 
the Fossils baMEL showed a much stronger relation to 
post-instructional knowledge, compared to the Fracking 
pcMEL. Although results from the paired sample tests did 
not show meaningful shifts in plausibility pre- to 
post-instruction, those students that had greater levels of 
evaluation expressed more scientific plausibility judgements 
and deeper knowledge at post-instruction with the Fossils 
baMEL. In light of past research (Bailey et  al., 2022; 
Lombardi, Bailey et  al., 2018; Lombardi, Bickel et  al., 2018; 
Medrano et  al., 2020), these greater levels of evaluation may 
be supporting plausibility shifts not necessarily evident in 
this small sample. This could provide some support for 
Patall et  al.’s (2019) and Reeve and Shin’s (2020) ideas about 
the effectiveness of autonomy-supportive scaffolding. All in 
all, the performance of the Fossils baMEL is encouraging 
as our research team’s efforts progress in developing and 

Table 4. E ffect size comparison.

Link Description

Effect Size (f2)

pcMEL baMEL

Pre-instruction 
Plausibility-Evaluation

0.239* 0.040

Pre-instruction Plausibility-Post-
instruction Plausibility

0.212* 0.153*

Pre-instruction 
Knowledge-Evaluation

0.005 0.209*

Pre-Instruction Knowledge-Post-
instruction Knowledge

0.209* 0.213*

Evaluation-Post-instruction 
Plausibility

0.139* 0.010

Post-instruction Plausibility-Post-
instruction knowledge

0.031 0.212*

Evaluation-Post-instruction 
Knowledge

0.021 0.010

Note. N = 40. *Link included in final PLS-SEM.

Figure 10. C omparison of approximate Cohen’s f-squared effect sizes.
Note. N = 40. *Denotes link included in one PLS-SEM. **Denotes link included in both 
PLS-SEMs.
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testing instructional scaffolding to effectively facilitate geo-
science and environmental science instruction.

Limitations

K-12 classrooms are complex learning environments and 
conducting ecologically valid studies in such settings is often 
challenging. We acknowledge these constraints, but also try 
to contextualize the present study within the larger research 
program represented by our team’s efforts and supported by 
the US National Science Foundation (e.g., Bailey et  al., 2022; 
Lombardi, Bailey et  al., 2018; Lombardi, Bickel et  al., 2018; 
Medrano et  al., 2020). For example, this study’s participant 
sample—which was predominantly Hispanic (of any ori-
gin)—was conducted in one classroom, at one school. 
Therefore, some caution is warranted in trying to generalize 
these results beyond this particular context. Some consid-
eration also needs to be given to the MEL topics. For exam-
ple, on the one hand, the topic of fossils is found in many 
places in the NGSS (NGSS Lead States, 2013), with fossils, 
a common phenomenon, found throughout the world. On 
the other hand, the topic of earthquakes is mentioned in 
the NGSS relatively less frequently, with fracking operations 
being a more regional phenomenon (e.g., the midwestern 
US) and not mentioned in the NGSS at all. Further, although 
we are ostensibly comparing the effectiveness of two itera-
tions of the MEL diagram activity, these two geoscience 
MELs cover separate topics. As the MEL diagrams them-
selves were completed in small groups, there may have been 
social impacts upon individual student’s learning. This phe-
nomenon has been documented in previous studies 
(Governor et  al., 2021; Lombardi et  al., 2022) and may 
strengthen the knowledge gains among the participants. Our 
inclusion of pre- and post-instructional measures in both 
the paired sample tests largely control for this topic differ-
ence, but we do acknowledge that there may be some con-
founding effects in this regard, albeit likely quite minor. 
Given that this was a pilot study, we plan to incorporate 
our findings and limitations into a more rigorous 
quasi-experimental design that will further limit any con-
founding factors.

Implications and conclusion

The results of the present study revealed that instructional 
scaffolding can facilitate students to have (a) deeper levels 
of evaluation between lines of evidence and alternative 
explanatory models, (b) plausibility shifts toward the scien-
tific alternative, and (c) increased understanding of geosci-
ence. Although both types of scaffolds were effective in this 
regard, the Fossils baMEL, which is more autonomy-supportive, 
may have been slightly advantageous because it resulted in 
strong relations between levels of evaluation and 
post-instructional plausibility judgments and knowledge. 
Continued research using these scaffolds will help to better 
identify the relationships between these three constructs to 
better define the role of plausibility shifts in the baMEL 
activities. Implementing these tools in a classroom context 

may require a sequential approach (i.e., introducing a pcMEL 
first), so that students can deepen their understanding of 
the process of scientific evaluation and judgment making, 
and then introducing baMELs, which might afford the stu-
dents more agency in their scientific knowledge 
construction.

Additionally, strategies may need to be developed and 
explored to improve the overall efficacy of the MEL activities 
to maximize their potential in developing critical reasoning 
skills for evaluating evidence-based claims about scientific 
phenomena. For example, the process of debating claims 
and evidence with peers is a critical part of the scientific 
practice of constructing knowledge (NASEM, 2021). However, 
engaging in constructive scientific discourse requires the 
use of negotiation practices that educators may need to 
model and facilitate (Governor et  al., 2021), which might 
enhance the use of all instructional strategies designed for 
students to collaboratively evaluate claims and models. 
Overall, providing opportunities for evaluating claims and 
evidence through the MEL instructional scaffolds may help 
students understand the how and why of science, along with 
core scientific principles—knowledge that in turn, could 
deepen their scientific literacy and position them to be more 
effective problem solvers and agents of change in their local, 
regional, and global communities.
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