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A B S T R A C T   

Evaluation of plausible alternative explanations of scientific phenomena is an authentic scientific activity. 
Instructional scaffolding can facilitate students’ engagement in such evaluations by facilitating their reflections 
on how well various lines of scientific evidence support alternative explanations. In the present study, we 
examined two forms of such scaffolding, with one form providing more autonomy support than the other, to 
determine whether any differential effects existed between the two. Nearly 300 adolescent students in middle 
school, high school, and university courses completed two activities on scientific topics of social relevance (e.g., 
the climate crisis, fossils and fossil fuel use, water resources, and astronomical origins), with the less autonomy- 
supportive form being completed prior to the more autonomy-supportive form. In line with prior pilot studies, 
both scaffold types demonstrated significant pre- to post-instructional shifts in plausibility judgments toward the 
scientific model and gains in knowledge with small to medium effect sizes. A mediation model provided a robust 
replication of previous findings showing that the indirect path meaningfully linked greater levels of evaluation to 
more scientific plausibility judgments and topic knowledge, above and beyond the direct relational path linking 
greater levels of evaluation to topic knowledge. However, we found no difference in relations between the two 
scaffold types, counter to our hypothesis that the more autonomy-supportive version would lead to better out
comes. This suggests that the implementation of more autonomy-supportive learning environments may be 
conditional, opening up a promising avenue for additional research, such as looking at specific contexts and how 
activities could be sequenced to optimize learning.   

1. Introduction 

Many scientific topics of social relevance, such as the current climate 
crisis and the availability of freshwater resources, are complex and 
present considerable learning challenges. These topics, sometimes aptly 
referred to as socioscientific issues (SSIs), can also lead to controversy 
that can arise from conflicting perspectives, each with a distinct set of 
assumptions, points of view, target audiences, and goals (Dawson & 
Carson, 2020; Sinatra & Lombardi, 2020; Zeidler & Sadler, 2008). 
Among those perspectives are claims that are based on non-scientific 
information, presenting alternative claims that are in conflict with the 
scientific consensus—perspectives that students may encounter in and 
outside the science classroom (Lombardi, Nussbaum et al., 2016). 

Instructional scaffolds that promote students’ scientific evaluations 
may be one way to overcome barriers and facilitate students’ SSI 

learning. Over the past decade, our research team has developed several 
instructional scaffolds—called Model-Evidence Link (MEL) activi
ties—covering many scientific topics of social relevance (e.g., causes of 
climate change; availability of freshwater resources; impacts of hy
draulic fracturing) in Earth and environmental sciences. A well- 
developed line of empirical research suggests that these MEL scaffolds 
facilitate middle and high school students’ evaluations of connections 
between lines of scientific evidence and alternative explanatory models, 
help students shift students toward a more scientific stance (i.e., judging 
scientific explanations as more plausible than non-scientific ones), and 
deepen their knowledge of disciplinary core ideas and scientific prac
tices (see, e.g., Bailey et al., 2022; Dobaria et al., 2022; Klavon et al., 
2024; Lombardi, Bailey et al., 2018; Lombardi, Bickel et al., 2018; 
Lombardi et al., 2013; Medrano et al., 2020). 

Above and beyond the benefits of scaffolded science learning, 
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researchers have theorized and conducted empirical studies suggesting 
that students may be more engaged with the learning process when they 
perceive their classroom environments to be more autonomy supportive. 
For example, from a self-determination theory (SDT) perspective, Deci 
and Ryan (2000) posited that social contexts that support the innate 
psychological need for autonomy, as well as the need for perceptions of 
competence and relatedness, increase both intrinsic and extrinsic 
motivation and yield higher learning outcomes (Okada, 2023). Simi
larly, Collie and Martin (2017) found that students perceived more 
adaptable teachers to be more autonomy supportive and have higher 
levels of achievement than students who perceived their teachers to be 
less autonomy supportive. 

With the intention of facilitating higher autonomy in our SSI learning 
scaffolds, we modified the first form of the MEL scaffold, which we call 
the preconstructed MEL (pcMEL), to a more autonomy-supportive form, 
which we call the build-a-MEL (baMEL; Bailey et al., 2020). Earlier pilot 
studies suggested that, upon engagement with the baMEL as compared 
to the pcMEL, students demonstrated significantly but moderately 
greater pre-to-post shifts in the demonstrated quality of their plausibility 
judgments toward the scientific claim, as well as modestly greater 
knowledge gains (Bailey et al., 2022; Klavon et al., 2024; Medrano et al., 
2020). In the present study, we more systematically compared the dif
ferential effects of the two scaffolds across all the topics on which MEL 
interventions have been developed to investigate if these promising pilot 
study results could be more robustly corroborated. 

2. Theoretical framework 

The educational psychology, developmental psychology, learning 
sciences, and science education research communities have theorized 
and empirically tested how the learning of complex scientific concepts 
and problems can be optimized. From these various perspectives, we 
relied on the knowledge construction metaphor to guide our inquiry and 
scaffold design, where individuals build their knowledge and under
standing by encoding information (e.g., sensory perceptions) into 
mental representations for later use (Mayer, 1992; Ormrod, 2017). This 
knowledge construction metaphor is integral to the cognitive compo
nent of scaffolding (Wood et al., 1976), as discussed below in more 
detail. In addition to this process of cognitive knowledge construction, 
some researchers have proposed that knowledge is constructed during 
social and cultural interactions, and as such, knowledge construction is 
often an externalized process (e.g., Bakhurst, 1995; Blumer, 1986). 
Importantly, it is this view on knowledge construction that is integral to 
the scientific process of evaluation by which scientists advance under
standing and knowledge of scientific topics of social relevance by sys
tematically and normatively evaluating evidence and explanatory 
models for observations (Ford, 2015). We considered four foundational 
aspects crucial to the effectiveness of facilitating students’ science con
struction in developing the theoretical framework for the present study: 
(a) the process of scientific claim evaluation, (b) the making of plausi
bility judgments, (c) the scaffolded construction of scientific knowledge, 
and (d) the importance of autonomy support in scaffolded science 
learning. 

2.1. Scientific evaluations 

Members of scientific communities evaluate and assess evidentiary 
connections that favor or refute certain explanatory and predictive 
models, hypotheses, and propositions. The effectiveness of this evalua
tion process is not limited to the process of scientific knowledge gen
eration by members of respective scientific communities but is also 
relevant to students’ knowledge construction about scientific findings 
and processes (Ford, 2015). Specifically, within the classroom, students 
may simulate these practices from the research community by evalu
ating evidence provided to them in light of scientific hypotheses. Eval
uation, such as occurs through the simulation of scientific research 

practices (National Research Council, 2012; NGSS Lead States, 2013), is 
at the heart of authentic scientific and engineering practices that should 
be part of classroom learning environments (Ford, 2015; Lombardi et al., 
2013). Moreover, extant research suggests that students’ learning ben
efits from the weighing of evidence in light of genuinely competing 
claims—a situation that more closely resembles knowledge generation 
as it occurs in real scientific conduct (Duschl et al., 2007). Lombardi, 
Nussbaum et al. (2016) suggest that situations in which students are 
presented with credible strands of evidence or premises as well as 
multiple plausible, competing claims may be more beneficial for their 
learning, as this better represents the degrees of freedom and uncer
tainty faced by scientists. However, students typically have difficulty 
distinguishing evidence from scientific claims (Kuhn & Pearsall, 2000). 
As such, explicit scaffolding may be necessary to facilitate the critical 
evaluation of competing propositions in light of specific evidence and, 
ultimately, to allow for effective learning from this evaluation (Lom
bardi et al., 2013). 

2.2. Plausibility judgments 

Within the context of science learning or science instruction, there is 
no expectation for students to create or advance scientific knowledge 
and theory. Rather, the goal is for them to come to a deeper under
standing of knowledge and consensus that ensue from the relevant sci
entific communities, as well as the grounds upon which such 
determinations are based. Thus, although students can engage in the 
process of evaluation akin to the process of scientific knowledge gen
eration within expert communities, they are not responsible for col
lecting primary evidence (e.g., climate data), nor are they expected to 
generate plausible explanatory models (i.e., hypotheses, theories) from 
these lines of evidence. However, students can come to a greater un
derstanding of scientific topics of social relevance by engaging with data 
or premises in relation to plausible, competing, non-scientific explana
tory models (Ke et al., 2021). When reasoning with scientific claims and 
evidence, students often make plausibility judgments—either implicitly 
or explicitly—regarding specific claims. Plausibility is an often informal 
and, importantly, tentative judgment of the potential truthfulness of a 
claim, and plausibility reappraisal can lead to greater knowledge con
struction and reconstruction (see Lombardi, Nussbaum et al., 2016, for 
an extensive discussion). Because of the tentative nature of these eval
uations, judgments toward multiple explanations can be made, where 
students may consider more than one explanation to be plausible at one 
time (Lombardi, 2019). This degree of freedom allows students to sus
pend commitment to one specific claim as wholly truthful, enabling 
scientific inquiry into the evidence on which this claim is based, exer
cising their scientific reasoning abilities, and increasing their scientific 
knowledge (Lombardi et al., 2022), as well as their understanding of the 
conditions on which that knowledge is based (Alexander & Schoute, 
2022). 

Throughout this reasoning process, there may be gaps between the 
explanations that scientists find plausible and those that students and 
teachers find plausible, particularly when they are confronted with 
competing claims that are non-scientific (Lombardi et al., 2013). 
Importantly, several studies have suggested that the scaffolding of sci
entific reasoning and learning may mitigate this so-called “plausibility 
gap” by facilitating explicit evaluation of the connections between lines 
of scientific evidence and alternative explanatory models to promote 
plausibility reappraisal and conceptual learning (for an overview, see 
Lombardi, Bailey et al., 2018; Lombardi et al., 2013). 

2.3. Scaffolding science knowledge construction 

The concept and practice of scaffolding to help non-experts learn 
complex problems are well-established within educational psychology, 
learning sciences, and science education. The term “scaffolding” coined 
by Wood and colleagues (1976)—yet sometimes incorrectly attributed 
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to Vygotsky (see Smagorinsky, 2018)—describes the interaction be
tween a more knowledgeable other and a novice in the solving of a 
complex problem. According to Wood et al., scaffolding “enables a… 
novice to solve a problem, carry out a task or achieve a goal which would 
be beyond [their] unassisted efforts” (p. 90). For scientific topics of 
social relevance (i.e., SSIs), such as causes of climate change, instruction 
to foster scientific understanding cannot take place in the absence of 
requiring students to engage with scientific models and theories, which 
requires rather sophisticated strategies (Alexander, 1997). Thus, coming 
to an understanding of such topics is, by all means, a complex task for 
students who are non-expert, acclimating learners in the relevant sci
entific domains, such as climatology orgeoscience. 

To overcome limitations in their original understanding of scientific 
topics of social relevance, as well as their rudimentary strategy use, stu
dents’ learning may benefit from scaffolded learning. Such limitations 
may be due to students’ own empirical sensory observations that might be 
at odds with scientific models of the phenomenon (e.g., it snowed last 
winter, so a model of human-driven climate change is implausible; Chinn 
et al., 2020; Woolf, 2015), while they may be similarly unwilling or un
able to accept empirical evidence forwarded by experts (e.g., large-scale, 
long-term climate data) that they might not be able to corroborate using 
their own perceptive faculties. As a result, many students and non-experts 
may implicitly or explicitly operate using non-scientific explanatory 
mechanisms for such topics. As an educational tool to help students 
overcome unscientific ways of thinking, instructional scaffolding has been 
found to be effective in fostering scientific thinking and reasoning, as well 
as critical thinking within the domain in which the scaffold is situated 
(Quintana et al., 2004). 

Importantly, although science learning in the classroom attempts to 
convey scientific understanding generated within specific scientific 
communities, students benefit from experiencing knowledge construction 
rather than merely absorbing scientific explanations or facts (e.g., Alex
ander, 2018). Rather, through reasoning with scientific evidence, stu
dents may come to a deeper understanding than would be accomplished 
with mere rote memorization (Ford, 2015). Such deep learning has im
mediate implications for students’ epistemic dependence on experts. 
Although there is no bypassing expert consensus when learning about 
socioscientific phenomena, one goal of science learning in the classroom 
is to reduce epistemic dependency and to enable students to understand 

and judge scientific topics for themselves (Kienhues et al., 2020). An 
avenue to facilitate science learning may be providing students with 
epistemic roles when engaging in science learning (Kirch, 2009), as stu
dents can be given the responsibility to learn about controversial scientific 
claims by engaging with its premises in a scaffolded fashion. For example, 
educational interventions, such as refutation text interventions (Sinatra & 
Broughton, 2011) or problem-based learning (Loyens et al., 2015), have 
reported mixed but overall positive effects in helping students grapple 
with understanding complex science problems. Mere engagement with 
premises and models does not automatically lead to increased scientific 
understanding (Bae et al., 2022). Rather, students require assistance and 
guidance in distinguishing claims from evidence (Kuhn & Pearsall, 2000) 
and require tasks that explicitly demand the weighing of evidence in light 
of plausible claims. Our research efforts have been directed for some time 
at crafting and validating tasks that endeavor to foster such scientific 
evaluations, plausibility reappraisal, and science knowledge construction. 

2.4. Model-Evidence Link (MEL) diagrams 

A specific approach to scaffolding students’ science learning is the use 
of MEL diagrams (Figs. 1 & 2). Within a MEL activity, students are explicitly 
instructed to evaluate lines of given evidence in relation to multiple 
plausible explanatory models using a semi-constructed diagram and ma
terials expanding upon the lines of evidence. Effective science learning and 
building an understanding of scientific topics of social relevance (e.g., 
climate change, freshwater resource security; Sadler et al., 2017) requires 
students to critique and evaluate scientific evidence in light of alternative 
plausible explanations (Lombardi, Nussbaum et al., 2016). Specifically, 
such critical evaluations may help students make more science-guided 
judgments when evaluating evidence and explanations (Ford, 2015) and 
having the opportunity to engage in plausibility reappraisal (Lombardi, 
Nussbaum et al., 2016). Crucially, scaffolds, such as the MEL, may be 
effective in promoting science learning because scientific topics of social 
relevance are often beyond students’ prior knowledge or ability to allow for 
meaningful and lasting learning (Pea, 2004). 

In the context of promoting science learning, we use the MEL to bring 
students’ understanding of important scientific topics of social relevance 
closer to the consensus of the relevant expert communities (e.g., cli
matologists on the causes of current climate change) by presenting them 

Fig. 1. Example of Extreme Weather Preconstructed Model–Evidence Link (pcMEL) Diagram.  
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with scientific and plausible non-scientific claims, as well as several lines 
of scientific evidence that in varying degrees provide support for both 
kinds of claims (Fig. 1). By presenting students with evidence and 
claims—all the while carefully distinguishing the two (Kuhn & Pearsall, 
2000)—the MEL scaffolding can support evaluation that results in 
meaningful science knowledge gains and shifts of students’ plausibility 
judgments toward the scientific consensus (Lombardi, Nussbaum et al., 
2016; Quintana et al., 2004). 

In our earlier studies (Lombardi, Bailey et al., 2018; Lombardi et al., 
2013), students engaged with a preconstructed MEL (pcMEL; Fig. 1) in 
which they were to critically evaluate the relation between four lines of 
evidence and two competing explanatory models, judging whether each 
line of evidence supports, strongly supports, conflicts with, or has 
nothing to do with each model. These studies all suggest that students 
benefit from the scaffolding activity, given increases in knowledge as 
well as shifts in plausibility ratings toward the scientific consensus (e.g., 
Lombardi et al., 2013). 

Notwithstanding meaningful effect sizes, students are limited in the 
freedom to choose what claims to evaluate and with what evidence to 
consider connections. More recently, we have crafted and implemented 
so-called build-a-MELs (baMELs; Fig. 2), which afford students more de
grees of freedom. Before we compare the workings of the pcMEL versus 
the baMEL, we introduce the hypothesized role of autonomy support in 
scaffolded science learning, which underlies this newer MEL format. 

2.5. Autonomy support 

While engaging in learning, students have a need to perceive au
tonomy (Deci & Ryan, 2000). Importantly, they are likely to pursue 
goals or tasks that satisfy this need for autonomy. Empirical studies have 
corroborated this theoretical perspective, as students’ learning efforts 
are typically higher and yield greater outcomes when the environment is 
highly autonomy supportive as compared to highly controlling (e.g., see 
Okada, 2023; Reeve, 2009). The degree of autonomy afforded by the 
learning environment is affected by both teacher behaviors and peda
gogy, as well as the nature of a task or assignment. For instance, taking 
and acknowledging the perspective of the student; welcoming their 
thoughts, feelings, and behaviors; and supporting the development of 
students’ motivation are practices that provide autonomy support (e.g., 
Reeve, 2009). Particularly in classrooms or while engaging with aca
demic tasks that are perceived to be challenging or difficult, such as 

science learning, autonomy-supportive strategies and practices can be 
more beneficial to learning than an educational environment that is 
generally more controlling (Hagger et al., 2015; Patall et al., 2019; 
Reeve et al., 2004). 

In the context of scaffolded learning, tasks may facilitate autonomy 
support by providing students with degrees of freedom in how to bring 
the task to completion (Reeve & Cheon, 2021). Offering students choice 
in what elements of the task to engage with has been suggested to 
facilitate greater levels of agentic engagement (Reeve et al., 2020), 
which is students’ deep engagement with a task as a result of perceptions 
of conceptual agency. Degrees of freedom or choice in a task may be 
provided to the student by permitting them to select elements to (or not 
to) engage with for task completion. 

In the specific context of using MELs to promote learning about 
scientific topics of social relevance, the role of autonomy support has 
become increasingly intriguing to us. A pcMEL provides students with 
two plausible explanatory models—one scientific and one non-scienti
fic—for a phenomenon and a fixed set of lines of evidence to evaluate in 
relation to those two models. Although significant and meaningful 
knowledge gains and plausibility shifts have been realized through these 
MELs (e.g., Lombardi, Bailey et al., 2018), the pcMELs do not permit 
students a choice regarding what elements of the task to engage with. To 
afford students greater degrees of choice in learning about scientific 
topics of social relevance by interacting with a scaffold, we created the 
baMEL, in which students select and evaluate two out of three possible 
explanatory mechanisms. Similarly, students select four out of eight 
provided lines of evidence that they can use in the evaluation task. It is 
this greater level of choice that we hypothesize leads to greater plausi
bility shifts and knowledge gains as a function of higher perceived au
tonomy support. 

3. The present study 

The purpose of the present study was to examine differences between 
two different MEL formats, namely the less autonomy-supportive pcMEL 
and the more autonomy-supportive baMEL. In the pcMEL, students 
evaluated given lines of scientific evidence and two competing explan
atory models, whereas the baMEL guides students to select relevant 
scientific evidence from a larger set and to evaluate two self-chosen 
competing models (Bailey et al., 2020), providing more choice and au
tonomy support. Although initial pilot studies considered the 

Fig. 2. Example of Extreme Weather Build-a-Model–Evidence Link (baMEL) Diagram.  
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differential effect for topics separately (i.e., the current climate crisis, 
Bailey et al., 2022; fossils and fossil fuel use, Klavon et al., 2024; water 
resources, Medrano et al., 2020; and astronomical origins, Dobaria et al., 
2022), we wanted to see if these findings could be corroborated by a 
systematic approach in which we consider the overall omnibus effects as 
well as the effect of different topics and scaffold approaches. Given our 
interest in the potential effect of higher versus lower autonomy support 
in the MEL, we set out to answer two research questions:  

1. How do pre- to post-instructional differences compare between the 
less and more autonomy-supportive MEL scaffold forms (pcMEL and 
baMEL, respectively), specifically for  
a. students’ levels of evaluation about the connections between lines 

of scientific evidence and alternative explanations; 
b. plausibility judgments about competing explanations of phe

nomena; and  
c. knowledge about scientific topics of social relevance? 

2. How do post-instructional plausibility judgments mediate the rela
tionship between levels of evaluation and post-instructional knowl
edge when controlling for MEL scaffold form? 

Based on the results of our earlier pilot studies, we hypothesized that 
both forms of the MEL scaffold would result in both significant and 
meaningful plausibility shifts toward the scientific consensus, as well as 
gains in knowledge, from before to after the interventions (H1a; Bailey 
et al., 2022; Dobaria et al., 2022; Klavon et al., 2024; Medrano et al., 
2020). A novel part of the present study was investigating the various 
Earth and environmental science MEL topics together (i.e., climate 
change, water resources, fossils and fossil fuels, and astronomical ori
gins) to assess the agglomerative effects of these instructional scaffolds. 
In doing so, we applied min–max normalization (Jain et al., 2005) to 
linearly transform knowledge scores to systematically account for topic 
differences in difficulty. We also hypothesized that the more autonomy- 
supportive baMEL would have stronger shifts toward scientific judg
ments and deeper knowledge gains than the less autonomy-supportive 
pcMEL (H1b; Collie & Martin, 2017). 

Our previous pilot studies, as well as earlier investigations involving 
the MEL scaffolds (Lombardi, Bickel et al., 2018; Lombardi et al., 2013), 
further suggested that post-instructional plausibility judgments partially 
mediate the relation between levels of evaluation and post-instructional 
knowledge, supporting Lombardi, Nussbaum et al.’s (2016) theoretical 
model. Therefore, when controlling for scaffold form, we hypothesized 
that the direct and indirect effects between evaluation and knowledge 
would still be meaningful (Fig. 3) and that relations would also suggest 
an advantage for the more autonomy-supportive baMEL (H2; Reeve & 
Cheon, 2021). 

4. Method 

4.1. Participants and context 

The present study was part of a multi-year project involving data 
collected in several middle and high school classrooms in the Middle 
Atlantic and Southeastern US and one undergraduate course at a Middle 
Atlantic university. Two hundred ninety-seven (N = 297) participants 
were involved in the present study and completed all instructional tasks 
and measures. Middle school (n = 82) and high school (n = 197) par
ticipants were enrolled in Earth and environmental science courses and 
used the MEL during their normal curricular scope and sequence, 
covering scientific topics of social relevance topics, including the 
climate crisis, fossils and fossil use, water resources, and astronomical 
origins. Undergraduate (n = 18) participants were enrolled in a pre
service science teaching methods course. The classrooms and university 
were located in urban and suburban settings, with the majority of par
ticipants identifying as male (52.6 %) and White (59.2 %), and the 
remainder identifying themselves as Hispanic (21.5 %), Black (8.2 %), 

Asian (7.4 %), and Other (3.7 %). 
Each teacher whose classes used the MEL activities selected the 

number (between two and four) and topics that best fit their curricular 
needs, although all were focused on Earth and environmental science 
themes. The materials, as described below, did not differ based on grade 
level but teachers may have adjusted the implementation somewhat to 
better support their students. For example, the university course 
instructor may have asked students to read all of the evidence texts 
individually while a middle school teacher may have used a jigsaw 
approach (Aronson, 1978) or classwide read-aloud protocols for the 
same documents. Prior work, using variable-centered analyses, has not 
found any “teacher effects” (e.g., Bailey et al., 2022; Dobaria et al., 2022; 
Klavon et al., 2024; Medrano et al., 2020), suggesting that aggregating 
the different implementation formats for this study was reasonable. 

4.2. Materials and measures 

Before students engaged in any of the scaffolds for any of the sci
entific topics of social relevance, they participated in a short learning 
task about how scientists connect lines of evidence and explanatory 
models, first defining plausibility as “a judgment we make about the 
potential truthfulness of one model compared to another and the judg
ment may be tentative (not certain).” After doing this initial task, each 
student participant sequentially completed a pcMEL and baMEL 
covering a particular topic area (e.g., the climate crisis). Spacing be
tween each scaffold may have been as little as one or two days or as 
much as one or two weeks, depending on the classroom’s curriculum 
and pacing. The sequence of pcMEL first and baMEL second follows a 
time-honored and historical approach of introducing scaffolded in
struction, where students learn both concepts (e.g., topic knowledge 
about scientific topics of social relevance) and skills of inquiry (e.g., 
evaluating evidence to explanation connections, in light of alternatives) 
(Bruner, 1966; Posner & Strike, 1976). Specific to the present study, 
participants first learned how to use the pcMEL scaffold by reasoning 
with four pre-selected lines of evidence in light of two alternative 

Fig. 3. Hypothesized Relations between Study Variables Note. The top image 
shows the hypothesized direct relational pathway (c) between levels of evalu
ation and post-instructional knowledge, when controlling for scaffold form 
(dashed lines); and the bottom figure image shows the hypothesized direct (c’) 
and indirect relational pathways (a + b) between levels of evaluation and post- 
instructional knowledge, when controlling for scaffold form (dashed lines). 
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plausible explanations. In doing so, students learned about relevant 
scientific topics. After engaging with pcMELs, students were familiar
ized with baMELs. The baMEL, which affords more choice, was more 
complex than the pcMEL because participants considered eight lines of 
scientific evidence and three alternative models, from which they chose 
to build their diagrams. 

Both the pcMEL and baMEL followed a similar instructional pro
gression. First, participants completed a knowledge pre-survey to gauge 
their topic knowledge. Second, they rated the plausibility of the scien
tific and alternative explanatory model(s); note that the models are 
simply labeled by letters (A, B, and where applicable, C; see Figs. 1 and 
2) and are not identified as scientific or alternative. Third, participants 
read one-page expository texts elaborating on each line of evidence. 
Fourth, participants completed and/or constructed their MEL diagrams. 
Fifth, participants gave plausibility ratings for the same explanatory 
models as before the intervention, and then wrote written reflections on 
two links between lines of evidence and an explanatory model as they 
determined in their MEL. Sixth, they completed the post-instruction 
knowledge survey. The entire time of each MEL lesson was approxi
mately 90 min (about two traditional class meetings or one block class 
meeting). In what follows, we briefly describe the characteristics and 
procedures of pcMEL and baMEL scaffolds, the procedure of determining 
the levels of evaluation exhibited in students’ explanations, and the 
plausibility judgment and topic knowledge measures that are embedded 
within and accompany the scaffolds. 

4.3. MEL scaffolds 

The pcMEL scaffold provided participants with a preconstructed di
agram featuring two alternative explanatory models for a scientific 
phenomenon of social relevance, with one model being the scientific 
consensus model and the other being a plausible but non-scientific 
alternative (Fig. 1). For example, in the Climate Change pcMEL, 
Model A declares that the current climate change is caused by human 
activities (the scientific consensus explanation) while Model B states 
that current climate change is caused by an increasing amount of energy 
received by the Sun (a non-scientific but plausible explanation). The 
activity presents these two explanatory alternatives without any indi
cation of the veracity or validity of either. The pcMEL also presented 
four lines of scientific evidence in the form of one-to-three-sentence 
declarative statements. One-page evidence texts accompanied each ev
idence line to provide more detail for students to use in the activity. 

Participants constructed their own diagrams in the baMEL activity by 
selecting two explanatory models from a choice of three, with one of 
these being the scientific model and the other two being plausible but 
non-scientific alternatives (Fig. 2). Participants also constructed their 
diagrams by selecting four lines of scientific evidence from a choice of 
eight. Their selection of lines of scientific evidence and alternative 
models renders the baMEL as the more autonomy-supportive scaffold in 
relation to the pcMEL, wherein participants do not have a choice of what 
evidence and models they wish to reason with. 

Participants completed their diagrams by drawing one of four 
different arrow types between the lines of scientific evidence and each of 
the explanatory models. A straight, solid-line arrow indicated that the 
participants thought a line of scientific evidence supported a model; an 
arrow with a squiggly, solid line indicated that they thought the evi
dence strongly supported the model; an arrow with a straight, dotted line 
indicated that they thought the evidence had nothing to do with the 
model; and an arrow with a straight, solid line that had an “X” marked 
through its middle indicated that they thought the evidence contradicted 
the model. 

4.4. Evaluation scores 

Participants constructed their written responses after completing 
their MEL diagrams. Following a prompt, students indicated the model- 

evidence link they wanted to discuss, iterating the strength and type of 
relation they identified earlier (i.e., strongly supports, etc.), after which 
they wrote about their reasoning for the arrow that they drew. To gauge 
participants’ level of evaluation, Lombardi, Brandt et al. (2016) devel
oped a rubric for scoring written responses about two of the arrows that 
the participants drew on their diagrams. Two independent scorers read 
each written explanation and used this rubric to score participants’ 
levels of evaluation, with 1 indicating an erroneous evaluation, 2 indi
cating a descriptive evaluation, 3 indicating a relational evaluation, and 
4 indicating a critical evaluation, with intraclass correlation coefficient 
(ICC) of 0.72, an acceptable level of coder reliability. After scoring ex
planations, the scorers met to discuss any differences and reached a full 
consensus on all scores. We used the consensus-based scores of partici
pants’ evaluation quality for analysis purposes. 

4.5. Plausibility judgment scores 

Participants rated the plausibility of each explanation model on a 
scale of 1 (greatly implausible) to 10 (highly plausible) before and after 
completing their MEL diagrams (Lombardi et al., 2013). We calculated 
the plausibility judgment score as the difference between a participant’s 
scientific model plausibility rating and alternative model rating for the 
pcMEL, while computing the difference between the rating for the sci
entific model and the average of the alternative models’ ratings for the 
baMEL. Scores could range from −9 to + 9, with positive plausibility 
judgment scores indicating a more scientific stance; that is, rating the 
scientific model as more plausible than the alternative(s) in accordance 
with the scientific consensus. 

4.6. Knowledge scores 

Students completed a multi-item knowledge survey before and after 
instruction. Based on the methods used in earlier MEL studies (see, for 
example, Lombardi, Bailey et al., 2018), students rated each item on a 5- 
point Likert scale (1 = strongly disagree to 5 = strongly agree), indi
cating the extent to which they believed scientists would agree with the 
statement. Having students rate their level of agreement from a scien
tist’s point of view reflected their knowledge of scientific phenomena 
rather than their own personal beliefs or opinions on the topic (Lom
bardi et al., 2013). The MEL project team developed these statements 
from information on which there is clear scientific consensus, with at 
least one question addressing each evidence statement and at least one 
question addressing each explanatory model. 

In order to account for differences in the four topics (climate change, 
fossils and fossil fuel use, water resources, and astronomical origins), we 
linearly transformed knowledge scores using min–max normalization 
(Jain et al., 2005). This transformation technique is a relatively simple 
method to account for differences in topic and topic difficulty, where the 
minimum in a range of scores is scaled to zero, and the maximum is 
scaled to one. This approach is commonly used in medical, computing, 
and environmental research (Mazziotta & Pareto, 2022). Using such a 
method maintains the original distribution of the data as long as there 
are no outliers in the sampled scores (Mu, 2020). Therefore, prior to 
employing this technique, we screened for any score outliers and found 
none. We calculated the internal consistency of the knowledge items, 
with McDonald’s ω = 0.787, indicating acceptable reliability. 

5. Results 

Table 1 shows means, standard error of the means, bivariate correla
tions, skewness, and kurtosis for the variables of level of evaluation, pre- 
and post-instruction plausibility rating, and pre-and post-instruction 
knowledge. For both scaffolds, all scores were significantly and positively 
correlated at low to moderate strength and normally distributed, with all 
absolute values of skewness and kurtosis ≤ 1 (Nussbaum, 2014). 
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5.1. Research Question 1: scaffold score comparisons 

An analysis of variance (ANOVA) revealed no statistically significant 
difference in levels of evaluation scores by scaffold type (pcMEL and 
baMEL), with F(1, 592) = 0.86, p = .354. Similarly, repeated measures 
ANOVA revealed no significant interaction over time (pre- to post- 
instruction) between plausibility scores by scaffold type, with F(1, 
592) = 0.46, p = .494, or knowledge scores by scaffold type F(1, 592) =
0.60, p = .440. However, there were significant increases over time (i.e., 
pre- to post-instruction) in both plausibility scores, F(1, 592) = 63.8, p <
.001, η2 = .032 (small to medium effect size; Cohen, 1988), and 
knowledge scores, F(1, 592) = 83.2, p < .001, η2 = .025 (small to me
dium effect size). In terms of practical significance, plausibility scores 
shifted about one category, and knowledge scores increased by about 
10% for both forms of the MEL scaffold, a relatively robust educational 
effect given the short instructional time of approximately 90 minutes 
(Kraft, 2020). A follow-up simple-effects analysis showed that baMEL 
plausibility scores were significantly higher at both pre- and post- 
instruction compared to the pcMEL, F(1, 592) = 24.1, p < .001, η2 =

.026 (small to medium effect size), but that knowledge scores were 
significantly lower, F(1, 592) = 104, p < .001, η2 = .12 (medium to large 
effect size). 

5.2. Research Question 2: score relations 

Prior to addressing our second research question, we screened for 
differences by level (middle school, high school, and undergraduate) in 
evaluation, plausibility, and knowledge scores. An ANOVA revealed a 
significant difference in evaluation scores by level, with F(2, 591) =

7.31, p < .001, partial η2 = 0.024 (small to medium effect size; Cohen, 
1988). Further, a repeated measures ANOVA did not reveal a significant 
interaction in plausibility scores by level over time (pre- to post- 
instruction), with F(2, 591) = 1.99, p = .14, but did reveal a signifi
cant interaction between knowledge scores by level over time (pre- to 
post-instruction), with F(2, 591) = 6.66, p = .001, partial η2 = 0.022 
(small to medium effect size). Therefore, with two of the three variables 
being significantly different by level, we included level as a covariate in 
our mediation analysis. 

To answer our second research question, we conducted a mediation 
analysis to gauge how levels of evaluation predicted post-instructional 
knowledge mediated by post-instructional plausibility, controlling for 
scaffold type (pcMEL, coded as 1, and baMEL, coded as 2) and level 
(middle school, coded as 1, and high school/undergraduate, coded as 2). 
The direct effect of evaluation on knowledge, controlling for scaffold 
type and level, was statistically significant (b = 0.17, z = 4.58, p < .001, 
95% CI 0.10, 0.25). The indirect effect of evaluation on knowledge, 
mediated by plausibility and controlling for scaffold type and level, was 
also statistically significant (b = 0.037, z = 3.44, p < .001, 95% CI 0.02, 
0.06). These results suggest that plausibility partially mediated the 
relation between evaluation and knowledge when controlling for scaf
fold and level, accounting for about 17% of the total effect (b = 0.21, z =
5.58, p < .001, 95% CI 0.14, 0.29). The model explained about 20% (R2 

= .199) of post-instructional knowledge, with F(4, 593) = 36.5, p <

.001, indicating a moderate effect size. 
The mediation path analysis (Fig. 4) showed significant and robust 

relations along the indirect pathway, meaning the relations between 
evaluation and post-instructional plausibility (b = 0.21, z = 5.30, p <
.001, 95% CI 0.14, 0.28) and between post-instructional plausibility and 
post-instructional knowledge (b = 0.17, z = 4.52, p < .001, 95% CI 0.10, 
0.26), as well as the direct pathway between evaluation and post- 
instructional knowledge (b = 0.17, z = 4.58, p < .001, 95% CI 0.10, 
0.25). These findings largely support Lombardi, Nussbaum et al.’s 
(2016) theoretical framework on plausibility judgment and scientific 
knowledge construction. Results also showed that scaffold type (pcMEL 
or baMEL) was a significant predictor of both post-instructional plau
sibility (b = 0.33, z = 4.16, p < .001, 95% CI 0.18, 0.48) and post- 
instructional knowledge (b = -0.69, z = -9.21, p < .001, 95% CI -0.83, 
-0.53), but not levels of evaluation (b = -0.08, z = -0.94, p = .35, 95% CI 
-0.23, 0.09). These results corroborate the findings suggested by the 
ANOVA results reported in research question 1, where the baMEL 
scaffold had plausibility judgments reflecting a more scientific stance 
than the pcMEL, even though overall knowledge scores were lower. 

6. Discussion 

We set out to investigate whether there were differential effects for 
the two MEL scaffold forms, the pcMEL and the baMEL. We hypothe
sized that both scaffolds would generally be effective, given that their 
designs and implementation facilitate students’ learning about socio
scientific issues by supporting their evaluation of evidence in light of 
two or more competing explanatory models, as emulated from real sci
entific practice (Ford, 2015; Lombardi, Nussbaum et al. 2016). Yet, 
important to the present investigation were the potential differential 
effects between the two scaffolds, as the baMELs are crafted to afford 
greater autonomy support in accordance with students’ need for self- 

Table 1 
Descriptive Statistics and Bivariate Correlations.  

Variable Mean SE Skewness Kurtosis 1 2 3 4 5 

1. Evaluation  1.951  0.030  0.741  0.100 −

2. Plausibility Pre  1.365  0.145  −0.533  −0.095 .127* −

3. Plausibility Post  2.604  0.135  −0.720  0.517 .220* .390* −

4. Knowledge Pre  0.556  0.006  −0.057  −0.131 .181* .060 .133* −

5. Knowledge Post  0.608  0.007  −0.214  0.394 .241 .072 .173* .636* −

Note. Significant bivariate correlations are indicated with an asterisk (*). 

Fig. 4. Results of the Mediation Analysis Note. Pathway relations are shown as 
standardized values, with solid lines indicating statistically significant relations 
and the dashed line indicating a statistically insignificant relation. 
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determination (Reeve, 2009; Reeve et al., 2020). Such greater perceived 
autonomy support is suggested to allow students to learn more effec
tively (Patall et al., 2019). 

Importantly, we tested our hypotheses using linearly transformed 
within-person data, which allowed us to more systematically model the 
interrelations of instructional scaffolds designed to promote science 
learning across four scientific topics of social relevance (i.e., the climate 
crisis; fossils and fossil fuel use; water resources; and astronomical ori
gins). To our initial surprise, regarding the hypothesized differential 
effect in favor of the scaffold that afforded greater autonomy support (i. 
e., baMEL), our robust analyses could not corroborate the findings of our 
earlier studies. That is, the repeated-measures ANOVA and mediation 
analysis did not reveal any appreciable differences between the two 
scaffold forms in terms of levels of evaluation, shifts in plausibility 
judgment toward the scientific, or topic knowledge gains. However, we 
have come to understand that this non-significant finding is quite 
meaningful for at least three reasons. 

First, it is worth noting that both scaffold forms resulted in plausibility 
shifts toward a more scientific stance (approximately 1 category on a ten 
point Likert-scale) and knowledge gains (10%). Although these are rather 
modest effect sizes in terms of standard rules of thumb (Cohen, 1988), 
they do represent practically significant results, especially when consid
ering that the MEL scaffolds can be used at relatively low cost and con
venience, being easily inserted into the standard middle and high school 
science curriculum and taking only about 90 min of instructional time. In 
light of this great cost-effectiveness, relatively modest effect sizes may 
have appreciable meaning in terms of practical significance (Kraft, 2020). 

Second, the main aim of the present study was to use a more sys
tematic approach considering the overall omnibus effects of the two 
scaffold forms. Earlier initial pilot studies separately investigated the 
differential effects of pcMEL and baMEL for specific topics, including 
climate change (Bailey et al., 2022), water resources (Medrano et al., 
2020), fossils and fossil fuel use (Klavon et al., 2024), and astronomical 
origins (Dobaria et al., 2022). One purpose of these previous pilot 
studies was to inform the design-based research approach that we used 
during the project. The results from these studies were somewhat mixed 
but did suggest a modest effect favoring the more autonomy-supportive 
baMEL. However, a major limitation of the previous studies was not 
looking at the overall performance of the scaffolds across various topics. 
In the present study, we linearly transformed knowledge scores using 
min–max normalization to account for topic and topic difficulty (Jain 
et al., 2005). This more robust analysis showed that the mixed effects of 
the pilot study largely disappeared across the various topics but that 
both scaffold forms resulted in equally positive learning outcomes. 
Similar trends of finding mixed effects that disappear in robust repli
cation studies can be found in related educational interventions (e.g., see 
Sinatra & Broughton, 2011). To further explore the role of scaffolded 
science instruction using the MELs, ongoing work uses a person-centered 
analysis to look at potential differential effects—including age level, 
sequencing, and more—in greater detail (Robertson et al., 2024). 

Whereas the present study corroborated our earlier studies in terms 
of supporting the important indirect relation between levels of evalua
tion, post-instructional plausibility, and post-instructional knowledge 
above and beyond the direct relation between evaluation and knowl
edge, the present study did not corroborate an increased benefit to a 
more autonomy-supportive instructional scaffold. This elevates the 
value of replication studies, a rarity in both education and psychology 
research, in showing theory building (Plucker & Makel, 2021). In other 
words, the present study supports Lombardi, Nussbaum et al.’s (2016) 
basic theoretical premise that scaffolded instruction can facilitate 
learning about complex issues, while providing a greater understanding 
of when such a theory may be relevant to classroom practice. On one 
hand, more autonomy-supportive learning environments are not 
necessarily a motivational boost when learning about complex scientific 
topics of social relevance. On the other hand, scaffolded instruction can 
provide learners with the opportunity to deepen their scientific 

judgments and knowledge when making more reasoned claims about 
evidence to model connections. Debates that have a long history in 
educational psychology about direct versus inquiry-based instruction 
(see, for example, Kirschner et al., 2006) often oversimplify and leave 
out the necessary instructional balance and benefits of scaffolded in
struction that includes elements of both direct instruction and scientific 
inquiry (Hmelo-Silver et al., 2007). 

Third, an interesting result of the study was that, although knowl
edge gains between the two scaffolds were very similar, knowledge 
scores were lower at both pre- and post-instruction for the baMEL. At 
first glance, this may seem fully consistent with the greater complexity 
of the baMEL compared to pcMEL, where students consider eight lines of 
scientific evidence (baMEL) rather than four (pcMEL) and three alter
native models (baMEL) rather two (pcMEL). However, although shifts in 
plausibility were similar, plausibility judgment scores were greater at 
both pre- and post-instruction for the baMEL. Therefore, despite the 
increased complexity of the baMEL scaffold, students had a more sci
entific stance in terms of plausibility judgments. Of course, this may 
merely reflect the instructional sequence in which participants first 
engaged with the pcMEL and only then the baMEL. This order may 
suggest that participants learned the process of evaluation supported by 
the pcMEL’s relatively easy task of evaluating four pre-selected lines of 
scientific evidence in light of two alternative explanatory models before 
moving on to the more ill-structured, complex baMEL (Bruner, 1966; 
Posner & Strike, 1976). Indeed, with the baMEL, students had to grapple 
with more information by choosing among eight lines of scientific evi
dence to evaluate two of the three explanatory models and construct 
their explanatory diagrams, potentially increasing cognitive load 
compared to the pcMEL (Kalyuga & Singh, 2016), which may explain 
the lower pre- and post-instructional knowledge scores. However, an 
alternative explanation could be that the greater autonomy found in the 
baMEL increased student engagement, overcoming topic complexity 
(Patall et al., 2019). In other words, the baMEL, with its greater degrees 
of freedom and higher autonomy support, could have permitted learners 
to construct knowledge more like scientists (Alexander, 2018; Ford, 
2015; Reeve, 2009; Reeve et al., 2020), and thus may have been ad
vantageous as suggested by the previous pilot studies. We do acknowl
edge, however, that this autonomy support explanation may not be as 
plausible as the instructional sequencing explanation. 

6.1. Limitations 

Although the sample size was somewhat robust for classroom-based 
studies that have a high degree of ecological validity, such as the present 
study, we acknowledge that the results reflect two specific regions (the 
Middle Atlantic and Southeastern US). The present study is consistent 
with previous MEL studies in terms of the relations between levels of 
evaluation, plausibility judgments, and topic knowledge, which have 
also occurred in the Middle Atlantic and Southeastern US, as well as 
those that have occurred in the Southwestern US (Lombardi, Bailey 
et al., 2018; Lombardi et al., 2013). These regions do differ in their 
natural environments, which may have influenced prior knowledge and 
learning about scientific topics of social relevance. The participant 
sample also reflects demographics typical of some urban and suburban 
settings in these regions and is not necessarily characteristic of wide
spread situations and contexts of all learners. Thus, we approach the 
results with some caution in terms of generalizability. 

We also acknowledge the limitations of the sequence of instruction, 
with the pcMEL administered first and the baMEL second. Some limi
tations are discussed in the results above, but we would also add that 
some classroom instruction may have occurred due to spacing of the 
scaffold administration. Additional instruction between scaffolds may 
have resulted in the increased pre-instructional plausibility scores with 
the baMEL. We do note, however, that any beneficial effects from 
additional instruction are not reflected in levels of evaluation scores, 
which were similar between the two scaffolds, or knowledge scores, 
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which were lower for the baMEL than the pcMEL. Classrooms are 
complex learning environments, and conducting ecologically valid 
studies in such settings is often challenging. Sequencing of instruction is 
one such challenge and does not reflect less authentic but more exper
imental conditions of random assignment, where students might have 
been administered the baMEL first and the pcMEL second. Therefore, we 
approach the results of the present study with additional caution in 
terms of generalizability. 

The project team designed the baMEL to support greater student 
autonomy. Although we did not use a measure to investigate students’ 
perceptions of autonomy, which could be considered a limitation of the 
present study, observations by team members and anecdotal reports 
from teachers using both forms of the scaffold report that students’ re
sponses to the baMEL were positive and that they liked having more 
choice and control over it compared to the pcMEL. This suggests that 
students felt they had more autonomy working with the baMEL. Future 
work should explicitly probe the extent to which and how students 
perceive greater autonomy, if at all, using the baMEL, and what further 
opportunities for autonomy may not have yet been implemented. 

Finally, although prior work (Bailey et al., 2022; Dobaria et al., 2022; 
Klavon et al., 2024; Lombardi, Bailey et al., 2018; Medrano et al., 2020) 
suggested that aggregating these data across multiple classrooms and 
regions was reasonable, it is possible that the types of analyses in these 
studies could not detect differences that might have been present. 
Furthermore, we also detected differences in evaluation and knowledge 
by level (middle, high, and undergraduate) that had not been seen in prior 
work. Therefore, we decided to conduct a study using person-centered 
analyses to provide additional insights into any differences across grade 
levels, instructional sequence, and region (Robertson et al., 2024). 

6.2. Implications and conclusion 

As is typical with empirical studies, we are left with more questions 
than answers. The results are meaningful in terms of partially supporting 
prior empirical studies and corroborating the theoretical framework 
suggesting that increased levels of evaluation result in stronger shifts in 
plausibility toward the scientific and deeper knowledge gains (see, for 
example, Lombardi, Bailey et al., 2018; Lombardi, Nussbaum et al., 
2016). Although more autonomy-supportive scaffolding did not result in 
more robust relations between these variables, they also did not have 
reduced effectiveness. Furthermore, while the sequencing of the scaf
folds in order of less to more autonomy supportive is in accordance with 
curricular principles to facilitate progressions of learning scientific 
concepts (Barnes et al., 2020), it simultaneously is a limitation of the 
study in reaching a causal conclusion regarding the differential effects. 
Future research that incorporates a counter-balanced, repeated mea
sures, quasi-experimental design, with more iterations of less and more 
autonomy-supportive scaffolding, may be able to tease out the effect of 
sequencing on learning outcomes. Anecdotal evidence suggests that the 
baMEL may also contribute to students’ perception of autonomy in, 
enjoyment of, and engagement with the activity, providing an additional 
future research area. 

From an instructional standpoint, this sequencing of pcMEL before 
baMEL may help maintain an appropriate cognitive load by offering less 
choice when first learning about the activity and increasing autonomy 
after students have gained experience with evaluating alternative ex
planations via the MEL. Additionally, because the activities come in 
pairs with related content (e.g., causes of climate change in a pcMEL and 
relations between climate change and extreme weather events in a 
baMEL), this sequencing may better align with existing curricula that 
address the cause of a phenomenon before its effects. 

In conclusion, we have learned much about the differential effects of 
an instructional scaffold that provides lower autonomy support and few 
degrees of evaluative freedom (i.e., pcMEL) versus a scaffold that was 
specifically designed to provide higher autonomy support through 
greater degrees of evaluative freedom (i.e., baMEL). Our results suggest 

that the baMEL was more effective in bringing about desirable learning 
outcomes, such as plausibility reappraisal and knowledge gain. This 
shift in students’ reasoning toward well-established scientific consensus 
across the four scientific topics of social relevance (i.e., water resources, 
origins, climate change, & geology), paired with greater topic knowl
edge, is in line with the educational goals as forwarded by the Next 
Generation Science Standards (NGSS Lead States, 2013). Given that these 
instructional scaffolds have been implemented with high ecological 
validity in existing curricula in several schools, both forms can be seen as 
viable tools to promote science learning in the classroom. 
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