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Abstract
Science learning is an important part of the K-12 educational experience, as well as in the lives of students. This study con-
sidered students’ science learning as they engaged in the instruction of scientific issues with social relevance. With classroom 
environments radically changing during the COVID-19 pandemic, our study adapted to teachers and students as they were 
forced to change from more traditional, in-person instructional settings to virtual, online instruction settings. In the present 
study, we considered science learning during a scaffold-facilitated process, where secondary students evaluated the connec-
tions between lines of scientific evidence and alternative explanations about fossil fuels and climate change and gauged the 
plausibility of each explanation. Our investigation focused on the relations between students’ levels of evaluations, shifts 
in plausibility judgments, and knowledge gains, and examined whether there were differences in these relations between 
in-person classroom settings and virtual classroom settings. The results revealed that the indirect relational pathway linking 
higher levels of evaluation, plausibility shifts toward a more scientific stance, and greater knowledge gains was meaning-
ful and more robust than the direct relational pathway linking higher levels of evaluation to greater knowledge gains. The 
results also showed no meaningful difference between the two instructional settings, suggesting the potential adaptiveness 
and effectiveness of properly-designed, scaffolded science instruction.

Science learning happens every day and is a ubiquitous part 
of the K-12 educational experience. To facilitate science 
learning, students should engage in scientific reasoning 
and evaluations, which might involve evaluating connec-
tions between scientific evidence and alternative explana-
tions about a phenomenon (NRC, 2012). In such situations, 
students can extend their understanding of the process of 
making such evaluations through culturally common and 
relevant scientific issues (which some label as socioscien-
tific issues or SSIs; Sadler et al., 2011). However, scientific 
issues with social relevance can often be controversial and 
complex, which may challenge students’ reasoning and 
evaluations (Owens et al., 2017). Controversial scientific 

topics are characterized as issues where conflicting perspec-
tives arise from distinct sources, “each with a distinct set of 
assumptions, points of view, target audiences, and goals” 
(Medrano et al., 2020).

When learning about scientific issues with social rele-
vance, students may encounter alternative, but non-scientific 
explanations that conflict with consensus claims held by a 
particular community of scientists. Such competing, non-
scientific explanations may challenge students during their 
science learning (Sinatra & Lombardi, 2020). These issues 
can include universal everyday issues such as vaccine efficacy, 
climate change, the effects of fracking, and the consequences 
of a lack of freshwater. Although there is scientific consensus 
on the topics we use in our studies, most are considered to 
be both controversial and complex. In our current six-year 
design and development project, middle and high school stu-
dents used instructional scaffolds, called Model-Evidence 
Link (MEL) diagrams, to facilitate evaluations about lines of 
scientific evidence, scientific claims, and alternative expla-
nations (Lombardi et al., 2016b). Based on earlier research, 
we consider explanations to be accounts of how phenomena 
unfold that may lead to a feeling of understanding (Braaten 
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& Windschitl, 2011; Brewer et al., 1998). Lombardi, et al. 
(2016) also write that "explanations may not include all facets 
of a fully developed scientific theory; rather, individuals more 
commonly explain by using parts of scientific theories (Giere,  
1990; Salmon, 1994)." With this definition in mind, previous 
studies showed that MEL scaffolds can help students shift  
their plausibility judgments toward a more scientific stance 
when evaluating competing explanations and deepen their sci-
entific knowledge about SSIs (see, for example, Lombardi et al.,  
2018, 2022; Medrano et al., 2020). King and Kitchener (2004)  
posited that more reflective judgements, involving “views of 
knowledge” and “concepts of justification,” may be “initiated 
when an individual recognizes that there is controversy or doubt 
about a problem that cannot be answered by formal logic alone, 
and involve careful consideration of one’s beliefs in light of sup-
porting evidence” (p. 6). We have designed the MEL scaffolds 
to make these reflective judgments more explicit, purposeful, 
and scientific during classroom instruction.

Of course, classrooms changed radically during the 
COVID-19 pandemic. Teachers and students in classroom 
settings all over the world were forced to make drastic 
changes to their teaching and learning in order to adapt 
from more traditional, in-person to virtual, online learn-
ing environments (Horowitz & Igielnik, 2020). During this 
time, our research group also adapted to the COVID-19 
pandemic, and in response, we developed and tested virtual 
versions of the MEL scaffolds. During the height of the 
pandemic, our research team was able to collect data in 
both in-person and virtual instructional settings. In-person 
settings used our original paper–pencil version of the MEL 
materials and virtual settings piloted our rapidly developed 
electronic MEL materials using Google documents and 
forms. In previous studies, our team specifically investi-
gated how MELs facilitated shifts in plausibility toward a 
scientific explanatory model, in light of an alternative, and 
how such shifts might act as a mediating factor between 
scientific evaluations and knowledge (see, for example, 
Lombardi et al., 2018, 2022; Medrano et al., 2020). With 
the different ways that schools responded to the COVID-19 
pandemic, the present study compared the MEL activities 
in these two instructional settings (in-person and virtual). 
We specifically asked: What are the direct and indirect 
relations between students’ levels of evaluation about 
the connections between lines of scientific evidence and 
alternative explanations, the shifts in plausibility judg-
ments, and their gains in knowledge about scientific top-
ics of social relevance? And are there differences in these 
relations between in-person classroom settings and vir-
tual classrooms settings? Prior to discussing the context 
and methods used to investigate this question, as well as 
the results and potential implications of the finding, we 
first turn to the theoretical framework that supported our 
research design.

Theoretical Background

Our theoretical framework study pulls from literature 
related to science learning, conceptual change, and educa-
tional psychology. Furthermore, because this research was 
conducted within secondary school settings (middle and 
high school classrooms), we considered extant research 
related to effective scaffolding for adolescent learning.

Scientific Evaluations and Science Learning

Much of our research has been conducted under the well-
developed thesis stating that evaluations between lines of 
scientific evidence and alternative explanations of phe-
nomena are critical to the processes of scientific knowl-
edge construction and science learning (see, for example, 
Lombardi et al., 2016b, 2022; Ford, 2015). Specifically, 
our team used the theoretical work of Lombardi et al. 
(2016b) as a basis for understanding how students’ evalu-
ations impact their plausibility judgments about scientific 
explanations and influence their science learning. When 
learning about various scientific topics, students often 
come into class having some prior knowledge related  
to the subject matter, including knowledge about alterna-
tive explanations not consistent with scientific consensus 
(e.g., that the current climate crisis is caused by increased 
amounts of the Sun’s energy being received by the Earth). 
In many cases, students can use their previously held knowl-
edge and revise it such that their reconstructed conceptions 
align with scientifically-accepted understandings (Sinatra 
et al., 2008). The process of scientific knowledge construc-
tion may be facilitated via purposeful and explicit evalua-
tions of both scientific evidence and explanations (Lombardi 
et al., 2016b; Medrano et al., 2020). With controversial sci-
entific topics, deep learning may require such evaluations 
to consider connections between lines of scientific evidence 
and alternative explanations that might be encountered both 
within the classroom (e.g., the scientific consensus explana-
tion being presented by the teacher) and outside the class-
room (e.g., plausible, but non-scientific explanations being 
presented by media pundits) (Lombardi et al., 2022).

Scientific topics that are socially relevant may afford 
students the opportunity to reflect on their understanding 
and judgments about explanations. King and Kitchener 
(2015) said that when adolescents reflect on topics that 
are ill-structured and contextual, they may come to a bet-
ter understanding of how scientific evaluation can result 
in an explanation being “more plausible than others” (p. 
112). However, the complexity of some science topics 
may make such reflectivity and reasoning challenging, 
particularly when thinking about connections between 
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lines of scientific evidence and alternative explanations 
(Kuhn, 2011). For example, the phenomenon of extreme 
weather events and their potential relation to the climate 
crisis is complex. Through the media, peer, and/or family 
networks, students may be exposed to explanations sug-
gesting that the number and strength of extreme weather 
events varies naturally based on periodic oscillations in 
oceans and plant absorption of atmospheric carbon. Such 
explanations are counter to the scientific explanation that 
increases in extreme weather events are linked to climate 
change caused by human activities, such as fossil fuel use 
(Schiermeier, 2018). Because students may face challenges 
related to being reflective and purposeful when making 
judgments about alternative explanations (e.g., relative 
plausibility judgments about the scientific explanation that 
human activities are the underlying cause of the climate 
crisis), instructional scaffolding may be required to facili-
tate their learning (see, for example, Bielik et al., 2021; 
Gobert & Pallant, 2004).

Plausibility Judgments about Scientific 
Explanations and Science Learning

Plausibility judgements have long been theoretically and 
empirically tied to students’ science learning. For example, 
Strike and Posner (1992) theorized that the construction and 
reconstruction of scientific concepts involve consideration 
that the explanations “must at least appear as a candidate 
for the truth,” especially in comparison to “well-established 
[personal] beliefs” (i.e., scientific explanations must be plau-
sible in light of alternative explanations based on beliefs 
and prior experiences; p. 148). Similarly, Dole and Sinatra 
(1998) posited that to-be-learned conceptions must not only 
be comprehended by students but must also be plausible in a 
way that renders the topic to be, at least somewhat, believa-
ble. In the 1990s and early 2000s, past empirical studies used 
such perspectives to investigate students’ science knowledge 
reconstruction. For example, Özkan et al. (2004) designed 
and tested instructional texts to increase the plausibility of 
“scientifically acceptable explanations” of ecological con-
cepts (p. 99). However, plausibility was only considered as 
one of many factors considered in this conceptual develop-
ment process, and the importance of these reflective judg-
ments, particularly in relation to controversial science topics, 
was largely overlooked.

More recently, however, Lombardi and colleagues have 
been conducting many empirical studies using a robust the-
oretical model focused on plausibility judgments’ role in 
science learning and teaching (see, for example, Lombardi  
et al., 2013, 2018, 2022; Medrano et al., 2020). This theo-
retical model—based on philosophical, developmental, and 
scientific foundations—posited that the perceived plausibil-
ity of a scientific claim can be thought of as a judgment 

of potential truthfulness. If a student thinks that a claim is 
highly plausible, they are tentatively accepting that it is true 
and worthy of some level of acceptance. This theoretical 
framework predicts how science learning may be facilitated 
in the form of developing and changing knowledge, specifi-
cally when one makes more explicit evaluations about the 
connections between scientific evidence and claims. In such 
situations, students may shift their plausibility judgments 
toward a more scientific stance and this influences knowl-
edge gains above and beyond the explicit evaluation alone. 
For example, Lombardi et al. (2022) used MEL scaffolding 
to facilitate plausibility shifts toward the scientific consensus 
models that indicate that increases in extreme weather events 
are linked to human fossil fuel use, while also deepening stu-
dents’ knowledge of Earth’s climate. However, to date, these 
studies have been conducted using pencil and paper forms of 
scaffolding. With the advent of the COVID-19 pandemic, we 
created electronic forms of these scaffolds to be used in vir-
tual instruction. With theoretical and empirical studies sug-
gesting that there might be differences in students’ scientific 
thinking and reasoning when using virtual scaffolds (see for 
example, DeCoito & Estaiteyeh, 2022; Gerard et al., 2022; 
Graham, 2018; Singer & Alexander, 2017), the aim of the 
present study was to compare electronic MEL scaffolds used 
during virtual instructional settings with pencil and paper 
MEL scaffolds used during in-person instructional settings 
during the height of the COVID-19 pandemic.

The Present Study

In the present study, we considered science learning dur-
ing a scaffold-facilitated process, where secondary stu-
dents first evaluated the connections between lines of 
scientific evidence and alternative explanations, and then 
gauged the plausibility of each explanation. The outcome 
of learning was students’ science knowledge after doing 
these evaluations and explicitly considering plausibility. 
From our past similar studies, shifts in students’ plausibil-
ity towards a more scientific stance have mediated the pos-
itive direct effect between their evaluation and knowledge 
gains (see, for example, Bailey et al., 2022; Dobaria et al., 
2022; Klavon et al., 2023; Medrano et al., 2020; Lombardi  
et  al., 2018, 2022). However, what is novel about the 
present study is the context of the COVID-19 pandemic, 
which greatly impacted students’ formal learning set-
tings because of social isolation, including distancing 
and quarantining (Engzell et al., 2021). During this pan-
demic, where in-person interactions have become limited 
for some students, the instruction setting (in-person vs. 
virtual), as well as the instructional tools (pencil and paper  
handwritten activities vs. electronic typewritten activities) 
used by students may interact with their development of  
scientific understanding. Specifically, making scientific 
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evaluations that involve complex reasoning and reflective  
processes (e.g., inferential comprehension and critical think-
ing), can make learning challenging, even in the most opti-
mal settings (Nückles et al., 2020; Wäschle et al., 2015). We 
also recognized the many studies stating positive outcomes 
of online learning, including increased autonomy of students, 
increased flexibility in studies and lifestyle, and increased 
access to online resources (see, for example, Adedoyin & 
Soykin, 2020; Basir et al., 2021). The different features of in-
person and virtual instructional settings and tools could there-
fore interact with students’ reasoning, either positively or nega-
tively, because of the different contextual and technological 
features (Gnesdilow & Puntambekar, 2022; Graham, 2018).

Using data collected from classrooms during the height 
of the COVID-19 pandemic, this investigation specifically 
compared (a) in-person instructional settings using more 
traditional pencil and paper forms of the MEL scaffolds, 
completed using handwriting; and (b) virtual instructional 
settings using electronic forms of the MEL scaffolds, com-
pleted using typewriting. In this comparison, we examined 
two hypothesized pathways in students’ knowledge construc-
tion process, the (a) direct pathway relating levels of evalua-
tion to knowledge gains and (b) the indirect pathway relating 
levels of evaluation to shifts in plausibility judgements to 
knowledge gains. We hypothesized that shifts in plausibility 
judgments would have an indirect and positive effect on the 
relation between levels of evaluation and knowledge gains 
per Lombardi et al. (2016b) theoretical framework and past 
empirical studies showing such relations (see, for example, 
Lombardi, et al., 2018, 2022; Medrano et al., 2020). Fur-
thermore, we hypothesized that this indirect effect would 
be above and beyond the direct and positive effect on the 
relation between levels of evaluation and knowledge gains.

Methods

Participants and Context

Our team collected data for this study from seventy-seven 
secondary science students (grades 8–10) located at three 
schools: two in the mid-Atlantic US and one in Southeast-
ern US. These schools were located in suburban settings 
(predominantly White, 47% and female, 51% participants 
in either in-person (n = 26) or virtual (n = 51) classrooms) 
experiencing MEL instruction on geology topics of social 
relevance, including fossils and fossil fuel impacts on envi-
ronmental sustainability and climate change (Lombardi 
et al., 2016a; Medrano et al., 2020; Governor et al., 2020; 
Hopkins et al., 2016). Overall, the MEL instruction lasted 
approximately 90 min (just under two traditional class peri-
ods). During this time, students completed the knowledge 
surveys, plausibility ratings, diagram construction, and 
explanation tasks. These data were collected during the 

2020–2021 academic year (the height of the COVID-19 
pandemic), with different community responses to formal 
school instruction. The one Southeastern school met in-per-
son throughout the academic year, and the two Mid-Atlantic 
schools met virtually throughout much of the academic year. 
There were no major differences in instruction and delivery 
between the two settings, with students completing the same 
set of materials using pencil-paper (in-person) or electronic 
Google forms and documents (virtual). Video conferencing 
software was used during virtual instruction, with students 
working in breakout rooms to complete their MELs in small 
groups. Overall instruction time (~ 90 min) was essentially 
the same for in-person and virtual classrooms.

MEL Instructional Materials

Each classroom engaged in a lesson involving the MEL 
activities. The socio-scientific topics covered in these scaf-
folds focused on fossils and fossil fuel impacts on envi-
ronmental sustainability and climate change. Depending 
on the curricular scope and sequence imposed by the local 
school setting, the exact topics varied somewhat in specific 
content, but all materials were aligned were each school’s 
curricular requirements and performance expectations in 
the Next Generation Science Standards (e.g., HS-ESS3-4: 
Earth and Human Activity: Evaluate or refine a technologi-
cal solution that reduces impacts of human activities on 
natural systems; NGSS Lead States, 2013). Figure 1 shows 
an example of a completed virtualMEL scaffold used in 
the study, with paper–pencil pcMEL and baMEL scaffolds 
shown in Supplementary Materials 1. Also, depending on 
the decisions of each classroom teacher, students used either 
the preconstructed or build-a-MEL form of the scaffold dia-
gram. In the preconstructed form, students are presented 
with two alternative explanatory models of a phenomenon 
in the center of the diagram. For example, in the Extreme 
Weather MEL, the diagram shows two alternative explana-
tions for increases in extreme weather events over the last 
50 years. One of these explanatory models is the scientific 
consensus explanation (e.g., Increases in extreme weather 
events are linked to climate change. Current climate change 
is mainly caused by human activities, such as fossil fuel 
use). The other explanatory model is a non-scientific expla-
nation. (e.g., The number and strength of extreme weather 
events vary naturally. Human activities release carbon into 
the atmosphere. Yet, plants and oceans absorb any carbon 
increases.) Teachers do not reveal the scientific explana-
tory models during MEL instruction, but later discuss the 
scientific consensus with their students. The build-a-MEL 
form allows students to construct their own MEL diagrams 
by selecting two explanatory models from three possible 
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choices (one scientific consensus and two non-scientific, 
alternative explanations).

Students are also presented with several lines of scientific 
evidence in the MEL lesson. In the preconstructed form, 
students are presented with four lines of scientific evidence, 
which appear in short boxed statements on the left and right 
sides of the explanatory models. In the build-a-MEL, students 
select four lines of scientific evidence from a possible eight 
choices to finalize their diagram construction. Students 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 scientific experts. 
After reading the texts, the teacher instructed students to draw 
(in-person classrooms) or select (virtual classrooms) different 
types of arrows from each evidence text to both models based 
on how well they thought the evidence supported the model. 
Students were allowed to draw or select four different types 
of arrows: a squiggle or thick blue arrow indicated that the 
evidence strongly supports the model, a straight or thin purple 
arrow indicated that the evidence supports the model, a dotted 
line and black 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 or selected eight arrows in total.

Explanation Task: Evaluation Scores

After completing their MEL Diagram, students completed 
an “Explanation Task”. Participants picked two of the 

connections that they drew from the MEL activity and wrote  
a written response explaining why they drew a particular 
type of arrow and their evaluation of the strength between a 
particular line of evidence and a particular model (in-person  
responses were handwritten and virtual responses were type-
written). Using a scoring system and rubric developed by  
Lombardi et al. (2016a), coders rated explanations for dif-
ferent levels of evaluation using a rubric: 1 = erroneous,  
2 = descriptive, 3 = relational, or 4 = critical. These categories 
represent levels of evaluation based on the scientific accuracy 
and reasoning present in students’ written responses. Few 
students reached level 4 (critical evaluation), which would 
involve making a scientifically accurate connection between 
evidence and claim, as well as a thorough explanation of the 
weakness or strength of the causal connection present in light 
of the competing model. More commonly, we scored students 
at level 2 (descriptive) or 3 (relational) evaluation. 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 a full consensus reached after con-
sultation. We used both evaluation scores when constructing  
the levels of evaluation latent variable used in the analyses.

Model Plausibility Rating Task: Plausibility 
Judgment Scores

Students were instructed to rate the plausibility of all 
explanatory models, immediately before and immediately 

Fig. 1   Participating Student Example of a Completed Extreme Weather MEL Diagram. Note. This student example is an electronic form of the 
MEL diagram that was used in a virtual classroom setting during the height of the COVID-19 pandemic
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after working on their diagrams. For the preconstructed scaf-
fold form, students recorded their plausibility judgments 
for both explanatory models, while for the build-a-MEL 
form, students recorded their plausibility judgments for all 
three explanatory models. Students gauged the plausibility 
of each model using a 1–10 scale (1 = highly implausible 
and 10 = highly plausible), based on methods developed 
by Lombardi et al. (2013), where plausibility scores were 
calculated as the rating of the scientific consensus explana-
tory model minus either (a) the non-consensus explanatory 
model (preconstructed form) or (b) minus the average of the 
two non-consensus explanatory models. Scores could range 
on a scale from -9 to + 9, where positive scores indicated 
that students judged the scientific consensus explanation as 
more plausible than the non-consensus model(s). We also 
calculated shifts in judgments as the plausibility judgments 
score after completing the diagram minus the plausibility 
judgment score prior to completing the diagram, and used 
this calculation as the basis for our plausibility shift latent 
variable in our analyses.

Knowledge Survey and Scores

Students completed a multi-item knowledge survey at pre- 
and post-instruction. These instruments were aligned to the 
specific scientific topic, with items that measured under-
standing of the phenomenon and the scientific evidence and 
at least one question in each set addressed to each line of sci-
entific evidence in a particular MEL. Some questions’ state-
ments 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. Students rated each item on a 5-point Likert scale 
(1 = strongly disagree and 5 = strongly agree) on their knowl-
edge of how scientists would agree with each item state-
ment per the methods outlined in Lombardi et al. (2013). 
We used McDonald’s omega (ω) coefficients to gauge the 
internal consistency (reliability) of the knowledge scores, 
with pre-instruction knowledge ω = 0.827 and post-instruc-
tion knowledge ω = 0.720, with both internal consistencies 
being acceptable (Hayes & Coutts, 2020). We acknowledge 
that the internal consistency values went down from pre to 
post-instruction, but any potential decrease is probably not 
meaningfully different. We summed student ratings for each 
item, and to account for varying item difficulty due to our 
alignment of all knowledge survey items to a specific MEL 
lesson, we calculated a simple normalization of these sums 
to come up with all final scores on a common scale that 
ranged on a continuum from 0 (minimum score in a class) 
to 1 (maximum score in a class) (Freedman et al., 2007). 
Finally, we calculated gain as the post-instructional normal-
ized knowledge score minus the pre-instructional knowledge 

score and used this as the basis for our knowledge gain score 
in our analyses.

Results

We used structural equation modeling (SEM) to test our 
hypothesis about the relations between students’ levels of 
evaluation, shifts in plausibility judgments, and knowledge 
gains. We analyzed these relations using WarpPLS 8.0 
(Kock, 2022), a program that employs allows “warping” of 
latent relations (i.e., statistically fitting the data, without the 
assumption of linearity) to afford greater accuracy by not 
assuming linear relations between variables (Kock, 2016). 
WarpPLS also uses partial-least squares methods to reduce 
standard error and increase statistical power for relatively 
small sample sizes compared to ordinary-least squares 
methods employed by many other SEM programs (Kock, 
2022). We used fit and quality indices to gauge the valid-
ity of our structural equation models. These indices include 
overall goodness-of-fit (Tenenhaus GoF) and average path 
coefficient (APC). Tenenhaus et al. (2004) proposed that 
researchers use Tenenhaus GoF as a criterion for the over-
all model prediction performance when using partial-least 
squares methods. A model has a large explanatory power 
when Tenenhaus GoF is greater than 0.36, with unacceptable 
explanatory power when Tenenhaus GoF is less than 0.1 
(Wetzels et al., 2009). APC provides further information 
about model adequacy to gauge the predictive and explana-
tory power of the model (analogous to the total variance 
explained).

Preliminary Screening

Prior to conducting our SEM analyses, we screened the data 
to gauge any differences between various grouping varia-
bles using analyses of variance (ANOVAs). The ANOVAs 
revealed no significant differences between levels of evalu-
ation, plausibility shifts, and knowledge gains when par-
ticipants were grouped by specific instructional topics (e.g., 
extreme weather events vs. fossil evidence of paleoclimates), 
level (e.g., grade 8 vs. 9 vs. 10), and MEL scaffold form 
(preconstructed vs. build-a-MEL), with all p-values greater 
than 0.05 and η2 values less than 0.03 (small effect sizes). 
In terms of the comparison of interest for the present study 
(e.g., in-person classroom settings using handwritten writing 
tools vs. virtual classrooms settings using typewritten writ-
ing tools), ANOVAs indicated there was also no significant 
difference between these two groups (Table 1) in levels of 
evaluation, plausibility shifts, and knowledge gains. Table 1 
also lists the means and standard deviations for the variables. 
For both groups, levels of evaluation were low (i.e., less 
than 2 or less than a descriptive level of evaluation). The 
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plausibility shift for the in-person group was just under zero, 
indicating no real change in scientific stance. However, for 
the virtual group, the plausibility shift was just over one-half 
category toward a more scientific stance. Both groups expe-
rienced about 7–10% gains in knowledge. Such knowledge 
gains are practically significant considering the lessons took 
about 90 min of instructional time. Again, there was no sig-
nificant difference between the groups, which gave us some 
confidence in conducting our comparison of hypothesized 
models using SEM.

Structural Equation Models

The structural equation model (SEM) for the in-person 
instructional group (Fig.  2a) was statistically signifi-
cant and of good quality, with Tenenhaus Goodness of fit 
(GoF) = 0.371, and average (standardized) path coefficient 
(APC) = 0.288, p = 0.025. Individual standardized path val-
ues indicated moderate relations among the variables, with 
slightly greater weight for the indirect pathway of levels of 
evaluation to plausibility shift to knowledge gains compared 
to the direct pathway of levels of evaluation to knowledge 
gains. Some of the pathways for the in-person instruc-
tional group (Fig. 2a) had p-values slightly exceeding the 
0.05 level, a cutoff commonly considered to ascertain sig-
nificance. However, recent guidance suggests that p-values 
alone should not be used to evaluate potentially meaningful 
relationships, in the light of additional pathway strength indi-
ces, such as individual standardized path values (Amrhein 
et al., 2019). Furthermore, Wasserstein et al. (2019) asked 
researchers not to “believe that an association or effect is 
absent just because it was not statistically significant” (p. 1). 
This model explained about 30.2% of the total variance in 
knowledge gains (R2 = 0.302), where the indirect pathway 
(evaluation → plausibility → knowledge) accounted for about 
20.3% of the variance explained (R2 = 0.203), and the direct 

pathway (evaluation → knowledge) accounted for about 9.9% 
of the variance explained (R2 = 0.099).

The SEM for the virtual instructional group (Fig. 2b) 
was also statistically significant and of good quality, with 
Tenenhaus Goodness of fit (GoF) = 0.387, and average 
(standardized) path coefficient (APC) = 0.313, p = 0.004. 
Individual standardized path values indicated moder-
ate relations among the variables, with slightly greater 
weight for the indirect pathway of levels of evaluation 
to plausibility shift to knowledge gains compared to the 
direct pathway of levels of evaluation to knowledge gains. 
All of the pathways for the virtual instructional group 
(Fig. 2b) had p-values less than the 0.05 level. This model 
explained about 32.2% of the total variance in knowledge 
gains (R2 = 0.322), where the indirect pathway (evalu-
ation → plausibility → knowledge) accounted for about 
24.3% of the variance explained (R2 = 0.243), and the direct 
pathway (evaluation → knowledge) accounted for about 
7.9% of the variance explained (R2 = 0.079).

Discussion

The present study investigated the relations between stu-
dents’ levels of evaluation about the connections between 
lines of scientific evidence and alternative explanations, 
their shifts in plausibility when considering these alternative 

Table 1   Means, standard deviations, and differences by instructional 
setting

Note. The possible range for levels of evaluation scores was 1 (low 
level of evaluation) to 4 (high level of evaluation). The possible range 
of plausibility shifts was -9 (least scientific stance) to + 9 (most scien-
tific stance). The possible range of knowledge gains scores was nor-
malized on a scale from 0 to 1, and in terms of practical significance 
can be converted to percent gain by dividing by 100, with .098 = 9.8% 
gain and .074 = 7.4% gain

Instructional setting

Variable In-person Virtual F ratio p η2

M (SD) M (SD)

Levels of Evaluation 1.64 (0.64) 1.49 (0.54) 1.08 .303 .014
Plausibility Shift -0.21 (1.42) 0.70 (2.91) 2.24 .139 .029
Knowledge Gain .098 (.098) .074 (.150) 0.56 .458 .007

Fig. 2   Structural Equation Models Showing Relations Among Study 
Variables. Note. These figures show structural relations between the 
study variables for the two instructional settings: in-person (a) and 
virtual (b)
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explanations, and their knowledge gains about topics related 
to fossils and fossil fuel impacts on environmental sustain-
ability and climate change. The novel aspect of the present 
study was conducting a comparative examination of these 
relations in two types of instructional settings that occurred 
during the height of the COVID-19 pandemic: (a) more tra-
ditional in-person settings, doing pencil and paper lesson 
activities (in-person/traditional/handwritten), and (b) set-
tings, doing electronic lesson activities (virtual/electronic/
typewritten). We found no meaningful difference between 
the two settings, with results supporting our hypothetical 
model. Results suggest that students' evaluation levels have 
an indirect and positive effect on the relation to their knowl-
edge gains, by way of plausibility shifts towards the sci-
entific explanation. This relation mediated by plausibility 
shift is above and beyond the direct relations between levels 
of evaluation and knowledge gains for both in-person and 
virtual settings.

Levels of evaluation scores in both settings were between 
the lowest (erroneous) and second lowest (descriptive) lev-
els. These means are somewhat lower than in our many other 
studies involving the MEL scaffolds, with scores falling 
between the second lowest (descriptive) and second highest 
(relational) levels of evaluation (see, for example, Lombardi 
et al., 2018, 2022; Medrano et al., 2020). Similarly, plausi-
bility shifts were also lower than in our past studies, with no 
meaningful shift for the in-person setting and about half a 
category shift toward the scientific for virtual settings. These 
scores may have been lower than previous studies due to the 
nature of the pandemic. Teachers were having a generally 
difficult time instructing students during this time.

However, knowledge gains, albeit slightly lower than 
what we have found in past MEL studies, were still relatively 
robust 7–10%, especially with the MEL activities constitut-
ing about two traditional class periods of instruction time 
(~ 90 min). Given that some were worried about decreased 
learning with virtual instruction during the COVID-19 
pandemic (Horowitz & Igielnik, 2020), the present study 
showed that although in-the-moment engagement in scien-
tific evaluation and reflective plausibility reappraisal was 
lower than before the pandemic, the learning outcome was 
still meaningful.

Both instructional settings also showed that students who 
had higher levels of evaluation also had associated greater 
shifts in plausibility toward the scientific and greater knowl-
edge gains, above and beyond the direct association between 
higher levels of evaluations and greater knowledge gains. 
Thus, students in both in-person and virtual settings benefit-
ted from instruction that facilitated their evaluations between 
lines of scientific evidence and alternative explanations. In 
considering the many challenges that the pandemic imposed 
on classroom science instruction both in-person and virtual 
(Gillespie et al., 2021; Reuge et al., 2021; Tomasik et al., 

2021), we were somewhat heartened by the effectiveness—
although muted—of scaffolded instruction about scientific 
topics with social relevance. However, informal discussions 
with participating teachers, which were held via Zoom at 
roughly 6-week intervals during the study, suggested that it 
was especially challenging to use the MEL scaffolding in both 
the traditional pencil and paper and electronic forms. These 
teachers also said that it was challenging to use other NGSS-
aligned and reform-based instructional techniques during the 
pandemic. The dedication of these three teachers to provide 
quality instruction for their students was uplifting and inspir-
ing to their entire research team but does suggest that other 
teachers may have shifted to a less effective, lecture-based 
type of instruction during the pandemic (Pressley, 2021).

Research conducted during the pandemic has shown 
that well-planned virtual instruction, which has undergone 
many iterations of development and testing, was more effec-
tive than hastily constructed electronic tools (Adedoyin & 
Soykan, 2020). Therefore, we approach the results with 
some caution because of the exploratory nature of the pre-
sent study and because students in the virtual classrooms 
used a first-cycle iteration of our electronic MEL scaffolds. 
However, the form and structure of the MEL scaffolds have 
been tested extensively over the past decade, similar to other 
design-based instruction using other types of scaffolding 
(see, for example, Darner, 2019; Dauer et al., 2022; Ke et al., 
2021) Thus, design-based research, involving practicing sci-
ence teachers who can help researchers know what works 
and does not work in their classrooms, is essential for devel-
opment and implementation of effective instructional tools 
(Gerard et al., 2022). Furthermore, the science education 
research community, indeed the entire education community, 
should shift from the mindset of technology in the classroom 
being something that is “nice to have” to something that is 
“mission critical” (Ribiero, 2020). This suggests that the 
infrastructure behind effective scaffolding development and 
testing should be in place to support adaptive and effective 
instruction that can transition between in-person and virtual 
settings (Hodges et al., 2020).

Limitations and Future Directions

Conducting classroom research, in both in-person and vir-
tual settings, was extremely difficult due to the many chal-
lenges imposed on our educational system, indeed society 
as a whole, during the height of the COVID-19 pandemic. 
We are therefore extremely grateful for the three teachers 
who invited us into their classrooms and for the second-
ary students who participated in our study. Understandably, 
the difficulties imposed by the pandemic made it quite dif-
ficult to conduct classroom-based research and our sample 
size was limited. The limited sample may have resulted in 
decreased power to detect more pronounced effects. Within 
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this sample, we also were unable to compare students in 
the same classrooms, so we were comparing students taught 
by different teachers in different school settings. Although 
we were able to employ robust statistical techniques to 
increase the power of our analyses and found no meaning-
ful differences in school settings, we do suggest that future 
studies involving larger sample sizes are warranted. Indi-
vidual teaching differences may also have influenced the 
results; however, results of past studies using the MEL scaf-
fold indicate virtually no teaching effects due to the robust 
nature of the design (Lombardi et al., 2018, 2022; Medrano 
et al., 2020). Furthermore, the virtual instruction group had 
twice as many students, and although we did not have any 
evidence of statistical irregularities between groups (e.g., 
the homogeneity of variance assumption was verified for all 
group comparisons), we acknowledge that larger samples 
may give more confidence to the broader community when 
comparing virtual and in-person science instruction.

We recognize that virtual learning is a tricky and confus-
ing term that needs to be more clearly defined in the lit-
erature with the proliferation of online teaching and learn-
ing that has occurred in light of the pandemic (Hodges 
et al., 2020). Virtual learning can be done in a way that 
is well-planned and validated, but it can also be done as 
an emergency measure, as was the case in the schools that 
participated in this study (Gerard et al., 2022; Hodges et al., 
2020; Ribiero, 2020). Online learning can also be defined as 
learning that is happening completely in the virtual sphere, 
as well as learning online while physically embedded in 
the structure and scaffolding of the classroom (DeCoito & 
Estaiteyeh, 2022). In future studies, there should be consid-
erations of how virtual learning formats might change the 
way the MEL and similar instructional scaffolds are crafted 
to ensure optimal effectiveness. This would also help more 
clearly distinguish if virtual learning was truly a buffer dur-
ing the pandemic times or if it is a learning modality that is 
helpful for all students at all times.

We also acknowledge that the educational system was 
widely affected by the pandemic and the results of the pre-
sent study were also likely to suffer during this time. Teach-
ers and schools faced issues with the logistics of teaching, 
technological gaps, and socio-economic challenges that 
could have factored into the results (Adedoyin & Soykan, 
2020). To the extent that some of those issues have been 
mediated as schools have returned to more pre-pandemic 
functioning, we might see a change in the way that the virtual 
version of the MEL and other instructional scaffolds focus-
ing on SSIs are used. For example, many have cited inequity 
issues with Internet access and how the lack of internet in 
communities, such as low SES communities and highly pop-
ulated Black and Brown communities, negatively impacted 
students’ ability to learn online, simply because they did 
not have stable access to the tools being used (Fishbane & 

Tomer, 2020). To effectively use virtual instructional scaf-
folds in the future will require addressing inequities in Inter-
net access, as well as maintaining relevance to the context of 
local communities and the socio-scientific challenges being 
experienced (Fishbane & Tomer, 2020).

Conclusion

Our research team recognized the great privilege of work-
ing with teachers and students during the tumultuous learn-
ing environment imposed by the COVID-19 pandemic. 
This research led us, in some ways, to more questions than 
answers. The results support our earlier studies (Lombardi 
et al., 2018, 2022; Dobaria et al., 2022), suggesting that stu-
dents’ plausibility shifts have an indirect effect between lev-
els of scientific evaluation and their knowledge gains, above 
and beyond the direct effect of evaluation on knowledge—
particularly when simultaneously considering alternative 
explanations about scientific topics of social relevance. Fur-
thermore, instructional scaffolding, such as the MELs, can 
facilitate such shifts in both in-person and virtual settings. 
Although we found no difference between these two set-
tings, we did see decreased performance from our previous 
classroom-based investigations, particularly from making 
more scientific evaluations about the connections between 
lines of scientific evidence and alternative explanations. 
We speculate this performance reduction was due to lower 
reflective thinking during the COVID-19 pandemic affecting 
students in both in-person and virtual instructional settings 
(Adedoyin & Soykan, 2020; Horowitz, & Igielnik, 2020).

As we continue to brave the new frontier that is life 
beyond the COVID-19 pandemic, we have to ask ourselves 
what knowledge was gained about science teaching and 
learning. We are humbled by the science teachers and stu-
dents who learned how to teach and learn in this challenging 
environment. Even when faced with challenges, the teachers 
and students were able to adapt to an online version of the 
instructional scaffold that helped them gain knowledge about 
controversial scientific topics of social relevance. This gives 
us hope that instructional scaffolding born out of necessity 
for effective science teaching and learning promises to be a 
technology that benefits classroom instruction in the future.
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