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ARTICLE INFO ABSTRACT
Received: 21 Dec 2022 Due to the increased use of scientific models and modelling in K-12 education, there is a need
Accepted: 21 Jul 2023 to uncover its effects on students over time. Prior research has shown that the use of scientific

modelling in K-12 classes is associated with improved conceptual knowledge and problem-
solving skills. However, few studies have explicitly tested the longitudinal benefits of using
model-based instruction on students’ scientific reasoning skills (SRS) and content knowledge.
This paper studies the effects of the use of modelling-based pedagogy in a longitudinal
comparative case study on students’ SRS using hierarchical linear modeling. Our findings
showed that initial exposure to modelling-based instruction increased scientific reasoning
scores significantly. By the end of their first year of science instruction, the average high school
freshman in our study achieved the scientific reasoning level of many undergraduate STEM
majors. More importantly, students in the lowest quartile of scientific reasoning demonstrated
increased scores over the three years of the modeling-based course sequence. In addition,
reasoning scores in the modelling classes were a significant predictor of post-content knowledge
in all subjects. Our results suggested that students should be exposed to model-based
instruction early and consistently to achieve equity in science instruction.
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INTRODUCTION

Models and scientific reasoning instead of memorization of facts have become central in many
international standards (e.g., KMK, 2005; Ministry of Education, 2014; Ministry of Education in Taiwan, 2018;
NGSS Lead States, 2013). This shift towards authentic science practices was precipitated by international
testing that revealed that students across the world were experiencing difficulty in their ability to use scientific
evidence (OECD, 2019). The use of modelling in secondary classrooms has shown positive results across not
only numerous science disciplines but also grade levels and has included improvements in conceptual
performance, scientific reasoning skills (SRS), conceptual understanding, and problem-solving (e.g., Chang,
2010; Gobet et al., 2011; Hestenes et al., 1992; Jenkins & Howard, 2019; Malone, 2008; Malone & Schuchardt,
2020; Passmore & Stewart, 2002). Most of these studies have focused on short interventions and do not
consider the effects of long-term usage of modelling on students’ knowledge and SRS. SRS are important since
they have been shown to correlate with conceptual gains and problem-solving (e.g., Nieminen et al., 2012;
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Thompson et al., 2018). Unfortunately, even with additional content knowledge SRS do not seem to improve
after secondary school (e.g., Ding, 2018; Ding et al., 2016; Norris et al., 2003). Thus, students’ SRS must be as
strong as possible by the end of secondary school to help ensure success in college and everyday life.

In this paper, we report on a longitudinal study conducted to investigate the effect of a multi-year model-
based program on secondary school students’ science content knowledge and SRS over three years. Given
the increased use of model-based instruction in secondary schools internationally, this quasi-experimental
longitudinal study should be relevant to all international contexts as countries move towards greater
implementation of authentic practices.

BACKGROUND OF THE STUDY

In the following section, we discuss the theoretical background of scientific reasoning, models, and
modelling. We then discuss the conceptual framework that guided this study.

Scientific Reasoning Skills

Research has defined scientific reasoning in multiple ways from hypothetico-deductive reasoning focused
on hypothesis testing (Lawson, 2004) to the coordination of theory and evidence (Kuhn & Dean, 2004) to
mechanistic reasoning focused on the generation of causal mechanisms (Russ et al., 2009). Lehrer and
Schauble (2006) suggested that past research falls into three categories based on how scientific reasoning is
defined. They specified the three categories as science as theory, science as logic, and science as practice.
They believed that science as theory regards experiments as a theoretical test that can lead to conceptual
change. Science as logic focused on the use of control of variables during experimentation. Finally, science as
practice suggested that theory and reasoning including the use of scientific discourse would support the
development of representations to make the phenomena visible (Lehrer & Schauble, 2006).

Regardless of the definition, there are commonalities in the scientific reasoning sub-skills found to
promote conceptual change including hypothesis testing, control of variables or experimentation skills, data
reasoning, evidence evaluation, hypothetical-deductive reasoning, probabilistic reasoning (the use of
deductive logic and probability to handle uncertainty), and proportional reasoning (e.g., Lawson et al., 2000;
Zimmerman, 2000). This study focused on the perspective of science as practice. We hypothesized that
changing classroom norms across multiple years so that students “do science” through modelling-based
instruction (MI) would increase students’ engagement with data and evidence resulting in improvements in
students’ ability to use scientific reasoning subskills.

Studies have found correlations between students’ pre-scientific reasoning skills and their final conceptual
understanding across grade levels and subjects (e.g., Coletta & Phillips, 2005; Coletta et al., 2007; Ding, 2014;
Getahun, 2022; Lawson et al., 2007; Moore & Rubbo, 2012; Nieminen et al., 2012; Orosz et al., 2023; Thompson
et al., 2018; Williams et al., 2021). While these studies determined that the higher their incoming scientific
reasoning abilities the more likely students would demonstrate greater conceptual change, other studies have
shown improvements in scientific reasoning within courses can be elusive (e.g., Ding et al., 2016; Moore &
Rubbo, 2012). For example, Ding et al. (2016) in a study consisting of 1,637 Chinese undergraduate students
found that there was no significant increase in scientific reasoning scores across multiple universities and
majors. However, Ding (2018) determined that while Chinese students from 4th to 8th grades did not show
increases in scientific reasoning their reasoning abilities did increase from 8th to 12th grades. However, from
12th-grade onward reasoning ability was again static during undergraduate years.

However, some studies have shown that SRS can increase when students at all levels are taught with
methods that focus on critical thinking skills (e.g., Blumer & Beck, 2019; Hester et al., 2018; Yanto et al., 2019).
These correlations between prescientific reasoning and post-content scores raise the intriguing possibility
that if students can increase their SRS early in their scientific careers they might be better prepared to excel
conceptually in later years. This study was designed to begin to answer this intriguing possibility.

Scientific Models and Scientific Modelling
Models are idealized representations of scientific phenomena that have multiple uses in scientific practice

including description, explanation, communication, and prediction (e.g., Giere, 2004; Svoboda & Passmore,

718 European Journal of Science and Mathematics Education, 11(4), 717-737



European Journal of Science and Mathematics Education, 2023

o

J/ Scientific \\

‘ Agreement checking betweenJ

model predictions and

Data collection and analysis J

phenomenon
Algebraic Verbal
Scientific Model
Graphical Diagrammatic

Figure 1. Modelling cycle (adapted from Malone et al., 2019)

2013). Traditionally, the term “model” has been used to refer to only physical representations such as a three-
dimensional model of a cell. However, in scientific practice, a scientific model refers to a set of ideas about a
scientific phenomenon. These ideas may be represented in multiple ways (i.e., physical models, mathematical
equations, verbal descriptions, graphs, or pictures). No single representation offers a complete picture of the
model, but together they provide a comprehensive portrayal that can be used to describe, explain, or make
predictions (Buckley et al., 2004; Giere, 2004; Hestenes, 2010). Thus, DNA may be represented by a double
helix physical model and a numerical ratio, or a written description (Giere, 2004; Godfrey-Smith, 2006). Experts
fluidly switch between representations, understand that none is ever truly sufficient, and manipulate them to
support their use as intellectual tools (Harrison & Treagust, 2000).

The term modelling refers to the iterative practices that scientists use to develop scientific models and
their representations, known as the modelling cycle, illustrated in Figure 1 (e.g., Clement & Steinberg, 2002;
Halloun, 2007; Passmore et al., 2009). Scientists gather data about a real-world phenomenon and decide
which entities, processes, or relationships to include in the scientific model. Multiple representations are
developed as part of the modelling cycle. The representations developed during the modelling cycle for a
scientific phenomenon have features in common (represented by double-headed arrows between
representations) (Hestenes, 2010). Scientists can check the scientific model against observations and data
produced through experiments (represented by the agreement arrows). The findings can be used to revise
the scientific model and its representations or if the data fails to support the scientific model, a new scientific
model can be developed (e.g., Halloun, 2007; Lehrer & Schauble, 2012; Passmore et al., 2009). We contend
that the use of the modelling cycle depends on the deployment of and supports the development of SRS.

Connection Between Modelling-Based Instruction, Content & Scientific Reasoning-A
Conceptual Framework

Students engagement in constructing models through participation in a modelling cycle has the potential
to increase both students’ learning of content and their ability to reason scientifically. During the iterative
modelling cycle, students revisit the model content multiple times, thereby increasing the potential to
confront alternative conceptions and master the content in greater depth (Halloun, 2007). Indeed, studies
focused on the use of model-based curricula over a single course whether chemistry, biology, or physics have
demonstrated increases in student content knowledge (e.g., Dori & Kaberman, 2012; Liang et al., 2012; Malone
& Schuchardt, 2016).

Gains in SRS have not been studied as intensively as conceptual change in the case of MI. However, studies
have shown that a student's scientific reasoning ability is a predictor of student performance when utilizing
inquiry-oriented methods (e.g., Coletta et al., 2007; Ding, 2014; Moore & Rubbo, 2012).

During the development and testing of models, students are required to apply scientific reasoning sub-
skills such as data analysis, construction, and evaluation of hypotheses, controlling variables, and deductive
reasoning (Cameron et al., 2022; Dukerich, 2015; Malone, 2023; Posthuma-Adams, 2014; Svoboda &
Passmore, 2013). Thus, having students engaged in constructing models during the modelling cycle has the
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Figure 2. Conceptual framework (Source: Authors)

potential to increase not only students’ learning of content but also their ability to reason scientifically. During
the modelling cycle, students revisit the content supporting the model multiple times as well as deploy
scientific reasoning sub-skills. For example, during the development and testing of models, (Ml students apply
SRS such as construction and evaluation of hypotheses, controlling variables, and hypothetico-deductive
reasoning as well as data reasoning (e.g., Cameron et al., 2022; Dukerich, 2015; Malone, 2023; Posthuma-
Adams, 2014; Russ & Odden, 2017; Svoboda & Passmore, 2013). Data reasoning includes proportional
reasoning, pattern recognition, and probabilistic thinking. As the modelling cycle progresses from descriptive
model representations to explanatory models’ students develop a better understanding of when to revise
models as well as how to use models to explain science content. In Schwarz et al. (2009), middle school
students that followed a similar instructional progression improved their models and developed greater
accuracy in predictions. They became more sophisticated in deploying the modelling cycle and started to be
explicit about model limitations.

Given past research, there seems to be a cyclic connection between modelling, SRS, and content
development. This cycle is the basis for this research study (see Figure 2).

Purpose of the Study

To date, there has not been any published longitudinal research investigating the shifts in students’ SRS
after participation in a sequence of classes grounded in modelling-based pedagogy compared to students
who participated in non-modelling inquiry-based (NM-I) courses. Thus, a longitudinal quasi-experimental case
study was developed to compare the shifts in scientific reasoning abilities as well as conceptual understanding
of students taking an MI course sequence with those who completed an NM-I sequence from their first
through the third year of high school science.

METHODS

This longitudinal quasi-experimental quantitative case comparison study used hierarchical linear
modeling (HLM) statistical methods to compare two different three-year science course sequences. The
research questions guiding this study were:

1. What were the effects on SRS of a modelling-based course sequence compared to a non-modelling
(i.e., inquiry-based) course sequence?

2. What was the relationship between scientific reasoning ability and content knowledge in physics,
chemistry, and biology modelling-based courses?

3. How did timing of the use of modelling affect SRS over the three years of the study?
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Table 1. Teacher demographics

Teaching assignment in modelling

Modellin . Years of Teaching assignment in inquiry cohort
Workshopgs Education high school ° i e cohort
attended level teaching 9th NM-I 10th 11th 11th NM-| 9th 10th 11th
bio NM-I chem Ml phys phys Ml phys Ml chem Ml bio
1 1 PhD Bio 1-5 v v v
2 3 MA 10-20 v v
3 2 BS 5-10 v v v
4 1 MA 1-5 v v v v
5 1 MA >20 v v v
6 0 MA >20 v
7 1 BA 10-20 v v
8 1 BA 5-10 v v

Participants and School Context

This study took place in an independent high school in the northeastern United States. 30.0% of the
students received financial assistance and 27.0% were students of color. The study follows the school’s
transition from inquiry-based to modelling-based science instruction. Because models in physics are often
more concrete than those in biology, the instructional sequence was shifted from a biology-chemistry-physics
sequence to a physics-chemistry-biology sequence. This study follows the last cohort to take NM-I course
sequence (n=119) and the first two cohorts enrolled in Ml course sequence (n=252). The population was
homogeneous in terms of socio-economic groups, ethnicity, and educational background. Each year 60.0% of
the students came from a primary feeder middle school, while 40.0% came from other middle schools. In
addition, students had either previously taken or were concurrently enrolled in algebra I. The schoolteachers,
administrators, and researchers jointly selected the data collection instruments and the school included them
as program assessments for both cohorts. Thus, the data analyzed in this study was derived from classroom
artifacts (i.e., secondary data). The secondary data includes the use of test instruments chosen for each course
such as released SAT biology questions, force concept inventory (FCl), and chemistry concept inventory (CCl)
as well as grade-level exams taken by all students (such as independent school entrance exam (ISEE) and
eighth-grade Educational Records Bureau’s (ERB) comprehensive testing program (CTP). These exam artifacts
will be discussed further in the methods section (BioSatll; Hestenes et al., 1992; Mulford & Robinson, 2002).
Parental permission was given to analyze student data for publication purposes.

During the study, there were no changes made in other disciplinary courses. The history and English
classes were taught using curricula that focused on analytical writing. The math courses were traditional
teacher-centered courses without significant hands-on work.

Course sequences experienced by students

In both sequences, one author observed each teacher for an entire period at least three times a year. In
addition, all course curriculum maps were available for the project staff to consult. In both sequences, there
was no science teacher turnover during the years of the study.

Non-modelling inquiry course sequence: In NM-| instructional sequence, students' first high school science
class was inquiry-oriented biology), followed by a more structured chemistry class during their second year.
After the second year, some students opted not to enroll in a third course, but some did not. Those that did
enroll in a science course during the third year normally enrolled in one of three options: biology I, chemistry
II, or physics I. For physics I, the two physics teachers used different pedagogy. Teacher 2 used a modelling-
based curriculum while teacher 6 used a non-modelling inquiry-oriented approach (see Table 1). Each of the
courses in NM-I sequence were separate entities without any integration. See Figure 3 for the timeline of
these courses.

Modelling-based instruction course sequence: In Ml sequence, the first course students took was
modelling-based physics. The teachers who taught ninth-grade biology in NM-I sequence were required to
take a three-week modelling instruction, a specific modelling-based pedagogy, physics workshop the summer
before teaching ninth-grade modelling physics (Barlow et al., 2014; Hestenes et al., 1992). The chemistry
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teachers who taught 10th grade chemistry in NM-| sequence were required to take a three-week Modelling
Instruction chemistry workshop before teaching M| chemistry.

Because no Ml biology course using modelling instruction pedagogy existed, teachers at the school who
had been trained and previously taught the first-year Ml physics class developed a third-year biology course
grounded in the M| pedagogy. Ml students took all three courses.

See Figure 4 for the timeline of MI courses.

Comparison between the two sequences: The two sequences, NM-I and MI, had several similarities and
differences in instructional strategies. NM-l sequence was a mix of pedagogies that is akin to what most
students currently encounter during their secondary careers. On the other hand, Ml sequence was integrated
across years by the use of one pedagogical stance, which allowed students to become enculturated into the
practice of scientific modelling. Table 2 compares the classroom strategies utilized by both sequences based
on inquiry practices highlighted by Furtak et al. (2012), Minner et al. (2010), and NRC (2015).

Instruments
Entrance exams

To compare the abilities of the entering freshmen, the mean performance on ISEE and eighth-grade ERB
CTP assessments were compared. ERB CTP assessments were administered to all eighth-graders in the feeder
middle school as part of ongoing assessment efforts. These scores represented the testing results of
approximately two-thirds (60.0%-67.0%) of the incoming freshmen class each year. ISEE assessment was
administered to all eighth-graders not enrolled at the feeder middle school (about 37.0%-40.0%).

Scientific reasoning ability

The investigators established several criteria that the assessment chosen for the study must meet. These
criteria were, as follows:
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Table 2. Comparison of course strategies in modelling & non-modelling inquiry courses (Y=yes, N=no, &
R=rarely)
Strategy Inquiry class sequence Modelling class sequence
Instructional strategies

Students watch scientific phenomena?

Student-to-student talk dominates class discussions

Teacher-to-student talk dominates the class discussions

Emphasize student responsibility for learning?

Drawing on/connecting to prior knowledge'

Eliciting students’ ideas/mental models’

Providing conceptually oriented feedback’

Participating in class discussions'

Arguing/debating scientific ideas based on evidence

Presentations '

Working collaboratively’

Call and response formative assessment?

Rote memorization of facts and terminology®

Teacher provides information to whole class?
Experimental strategies

Asking scientifically oriented questions'

Experimental design’

Explicit about nature of science

Implicit about nature of science

Drawing conclusions based on evidence'

Students discuss each other’s evidence

Executing scientific procedures’

Recording data’

Representing data’

Students choose how to represent data

Hands-on'and manipulate mateirals?

<< <<<Z<<Z<Z<Z<
ZZZ<<<<<<X<X<=<Z<Z

<IW<K<<ITIZZ<<
<< <=<<=<=<=<2Z=<<<

1. The assessment had to be domain-general and thus have items from chemistry, biology, and physics
since it was to be used over the course of three years.

2. The assessment should include items targeting SRS such as hypothesis testing, control of variables,
data reasoning, hypothetico-deductive reasoning, proportional probabilistic and correlation reasoning,
model development, limitations, and affordances. It was realized that the ability to assess all these
skills would be difficult to find within a single assessment.

3. The ability to compare the scores in this study to results from other studies from secondary through
undergraduate college.

4. The assessment had to be completed within a class period of 45 minutes.

After reviewing several scientific reasoning assessments that have been previously developed and tested
for reliability it was determined that Lawson's classroom test of scientific reasoning (LCTSR) was the best
choice (Lawson et al., 2000). Reasons for this choice included that it had been used at multiple levels (e.g., Al-
Balushi et al., 2017; Bernard & Dudek-R6zycki, 2019; Ding et al., 2016; llles et al., 2019), covered many of the
SRS targeted by the modelling-based pedagogy (Opitz et al., 2017) and has been shown to be good for
assessing scientific reasoning on a unidimensional scale (Bao et al., 2018; Ding, 2018). Table 3 identifies the
SRS of interest that are covered by LCTSR as well as those skills that are not associated with this instrument.

LCTSR was administered to Ml students during the first weeks of their ninth-grade year and at the end of
each course in the modelling sequence. It was administered to NM-I students at the end of each science
course in all three years of the study. The lack of LCTSR results at the beginning of the 9th grade year for NM-
I was due to a shift in high school administration policy that advanced the implementation of the physics first
modelling sequence by one full school year. This administrative decision was made midway through the NM-
| school year thus precluding a pre-assessment in the 9th grade year.

Correct responses on the 24-item LCTSR were awarded one point while incorrect responses were awarded
zero points. Table 3 shows the number of items that correlate with each SRS covered by LCTSR as well as the
number of questions that were included in the categories identified in the original publication. The total
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Table 3. Skills associated with Lawson'’s classroom test of scientific reasoning

. . Original LCTSR Number of Number of
Skills hypothesized to be affected . . . -
by modelling pedagogy Covered by LCTSR  category (Lawson, questions on L§TSR questions in 'or|g|na|

2000) for each skill categories
Nature of science
Conservation v v 4 4
Hypothesis testing v 6
Control of variables v v 6 6
Hypothetico-deductive reasoning v v 4 4
Probabilistic reasoning v v 4 4
Examination of complex evidence
Model development
Model limitations & affordances
Proportional reasoning v v 4 4
Argumentation skills
Data reasoning v 4
Evidence evaluation v 6
Correlation reasoning v v 2 2

number of questions that cover all SRS skills is greater than the 24 questions that comprise the LCTSR because
one question can cover more than one skill. Prior studies have analyzed student gains in different subskills
since LCTSR allows for the grouping of questions by SRS (e.g., Bao et al., 2009; Ding, 2018; Sapia et al., 2022).
While the LCTSR has been tested and validated in many studies (e.g., Kaygisiz et al., 2017; Lawson et al., 2000),
to assess the reliability of this instrument in this context, all the post-test LCTSR scores from both sequences
(n=962) were used to calculate the internal consistency of the questions via KR-20 reliability coefficient. The
calculated KR-20 reliability coefficient of 0.83 was an adequate value for use in making comparisons (Schinka
et al., 2003).

Content knowledge assessments

Content knowledge was assessed at the end of each year-long course (physics, chemistry, and biology) for
the second cohort to enter Ml sequence. The second cohort was chosen so that teachers would have at least
one year of practice teaching with MI before their students were assessed for conceptual content gains. For
physics, FCl was used (Hestenes et al., 1992). For chemistry, CCl was chosen (Mulford & Robinson, 2002). For
biology, students took a practice SAT Il biology exam (BioSatll). The calculated Cronbach’s alpha for each
assessment was as follows: FCI (alpha=.76, number of items=30, number of students=240), CCl (alpha=.83,
number of items=22, number of students=276), BioSatll (alpha=.94, number of items=50, number of
students=280). FCl has been used in several physics studies and classes worldwide since its publication in
1992 (e.g., Bouzid et al., 2022; Carleschi et al., 2022). FCI has 30 questions (Hestenes et al., 1992). These
questions focus on Newtonian physics concepts as well as kinematics. Each question has item distractors that
are connected to common student alternative conceptions. Gain scores on FCl have been correlated with
pedagogical practices (Hake, 1998).

CCl is a 22-question survey that covers the transformation of matter, energetics, and representations in
chemistry (Mulford & Robinson, 2002). Each question’s distractors are tied to students’ alternative conceptions
of chemistry. CCl has also been used in multiple contexts since its inception (e.g., Aakre, 2021; Georgiou &
Sharma, 2020; Mehl, 2022).

BioSatll consisted of 50 multiple-choice questions. The questions were taken from questions for SAT Il
biology assessment released by College Board, a private not-for-profit organization in the United States
(College Board, 2020). SAT Il biology assessment is designed to assess secondary students’ ability to recall,
comprehend and apply major biology concepts. 50 selected questions focused on concepts covered in the
biology | classes in both sequences.

Data Analysis Techniques

Means, normalized gains, and standard error of the mean (SEM) and Cohen’s d effect sizes were calculated.
ANOVA was used to compare means and normalized gains. All assumptions were met. HLM was used to
examine longitudinal gains. Regression analyses were performed to analyze the relative contribution of
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content knowledge and SRS on post-test performance. Detailed descriptions of each of these analyses are
provided in the relevant results section to make the interpretation of the results easier.

HLM was used to answer the first research question concerning the effects of Ml vs. NM-I course sequence
on student SRS. Longitudinal HLM analysis was conducted on the scientific reasoning scores of all students
with scores nested within students (Raudenbusch & Byrk, 2002) with exposure to modelling-based pedagogy,
and timing of modelling-based pedagogy as independent variables, and time as a covariate. Students who
only had one scientific reasoning score or students who did not have an initial test score were eliminated. All
assumptions (e.g., homoscedasticity, normality, and independence) were met.

To answer the second research question concerning how the timing of the use of modelling affected SRS
over the three years of the study we divided NM group into two subsections (i.e., those who took NM-I third
year physics course vs the modelling-based third year physics course) an in-depth analysis was completed on
NM:-I scores of those students who in the third year took NM-I vs the modelling-based physics courses. In
addition, the lowest quartile of scientific reasoners at the end of the first year of modelling was tracked to
determine the effect of repeated exposure to Ml on SRS over three years of exposure to Ml.

To determine the relationship between scientific reasoning ability and content knowledge in physics,
chemistry, and biology modelling-based courses two regression analyses were conducted for each year of
science instruction. One regression had the post-SR score as the dependent variable with prior SR and content
scores as the independent variables. The other regression had post-content test scores as the dependent
variable with prior SR and content scores as the independent variables.

RESULTS

All Ninth-Graders Have Similar Academic Abilities at Start of the Study

Graphs of the mean performance on the ERB CTP and ISEE with SEM bars (Figure 5 and Figure 6) show
that the students in the modelling sequence and the non-modelling inquiry sequence were very similar
academically; having mean performances on multiple academic measures that were within the standard error
of measurement. When differences were suggested (e.g., writing mechanisms), Ml sequence performed lower
than NM-I sequence.
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Table 4. Fixed effect regression coefficients of HLM on scientific reasoning test scores

Model 0 Model 1 Model 2 Model 3

Score level variable

Intercept 57.8%** (0.9) 59.3%** (0.9) 59.0%** (1.7)

Time (in months) 0.2*** (0.03) 0.4*** (0.03) 0.2%** (0.04)

Modelling-based instruction 9.3*%** (1.0) 9.9%** (1.0)
Student level variable

First year modelling-based instruction -2.74 (NS) (2.0)
Estimate variance components

Deviance 9,853 9,541 9,642 9,539

Estimated parameters 2 2 2 2

Note. Standard deviations are shown in parentheses& ***p<.001

Longitudinal Analysis of Scientific Reasoning Scores

Longitudinal HLM analysis was conducted on the scientific reasoning scores of all students with scores
nested within students (Raudenbusch & Byrk, 2002). Exposure to modelling-based pedagogy and timing of
modelling-based pedagogy (first or third year) were included as independent variables, and time as a
covariate. Students who only had one scientific reasoning score or students who did not have an initial
scientific reasoning score were eliminated. All assumptions (e.g., homoscedasticity, normality, independence)
were met. Because Ml year 1 and MI year 2 did not differ significantly on their pretest means nor their
longitudinal progression as shown in HLM analysis, these two groups were combined into one modelling-
based group that received modelling pedagogy.

There was a significant effect (9.3%-9.9% over the course of the study, p<0.001) of Ml on scientific
reasoning test scores (Table 4, model 1 and model 3). There was also a significant effect of time on scientific
reasoning test scores of approximately 0.2% per month when Ml was included as a variable, which equates
to 6.6% over the course of the study. It is worth noting that the timing of physics Instruction (i.e., first or third
year of a three-year science sequence) did not have a significant impact on scientific reasoning. When a
dummy variable was included that indicated whether students had taken Ml in their first year (1) or their third
year (0), this variable was not significant (first year MI, model 3 in Table 4).
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Figure 7. Mean scientific reasoning test scores over time for modeling & inquiry cohorts (Source: Authors)

Comparison of Scientific Reasoning Scores for Modelling and Non-Modelling Inquiry
Sequences

Graphing the mean scientific reasoning scores for the modelling sequence over time (Figure 7) revealed
that scores increased significantly from 57.0% to 69.0% during the first exposure to modelling in physics
(repeated measures ANOVA, F (1, 248)=191, p<.001, Cohen's d=0 .9). 69.0% mean scientific reasoning score
achieved by MI sequence at the end of their first year was significantly greater than that achieved by NM-|
sequence at the end of its first year (M=62.0%, ANOVA, F (1, 337)=19, p<.001, Cohen’s d=0.5).

At 33 months, there is a significant difference across all three conditions (F(2, 255)=6.2, p=.002). Post-hoc
analysis with a Bonferroni correction, reveals that the only significant difference is between inquiry cohort
modelling (83.0%) and inquiry cohort non-modelling (67.0%, p=.002, Cohen's d=.8). Both inquiry cohort
modelling and inquiry cohort non-modelling are not statistically significantly different from modelling cohort
(73.0%, n=190, p=.05 and p=.09, respectively), but the effect sizes (Cohen’s d=.6, Cohen’s d=0.4, respectively)
suggests that the failure to detect significance may be due to the small sample sizes for inquiry cohort
modelling (n=25) and inquiry cohort non-modelling (n=43). The difference in sample sizes between the two
inquiry cohorts and modelling cohort is caused by differences in course selection. Inquiry cohort could opt
into taking physics whereas all students needed to take biology. Possible reasons to explain SRS results at 33
months will be considered later.

Because time influences scientific reasoning scores, as time increases there is less room for improvement
on LCTSR. To compensate for this decrease, instead of straight gains, Hake's (1998) normalized gains, which
calculates the amount of gain as a proportion of the possible gain, were calculated for each student each year.
As seen in Figure 8, the average normalized gain across students for modelling-based pedagogy in the initial
year is high, approximately 26.0% (as was suggested by HLM analysis). The effect of modelling in subsequent
years for the modelling sequence appears to level off producing nonsignificant changes in scores as reflected
in the shallow slopes in Figure 7 and SEM bars that overlap with zero in Figure 8, year 2 and year 3).

However, the initial difference in scientific reasoning scores achieved at the end of the first year of science
instruction between NM-I and MI sequences was still maintained at the end of the second year (Figure 7,
Mwm=71, Mi=63).

European Journal of Science and Mathematics Education, 11(4), 717-737 727



Malone & Schuchardt

50
€ a0
=
(3
_‘g 30 O Inquiry Cohort
o 20 Inquiry Physics
'_é’ B Inquiry Cohort
5 10 - ModelingPhysics
z
g o0 UModeling Cohort
[
z-10 - —r—t

-20

Year 1 Year 2 Year 3
L

Figure 8. Hake's (1998) normalized gains of scientific reasoning scores averaged across students by year,
cohort, & exposure to modeling instruction with SEM bars (Source: Authors)

100 -

80 Range
Scientific
Reasoning

Scores
075-96
063-71
50-58
W21.46

60 -

40

Percent of Students

20 1

Year 1 Year 2 Year 3

Lowest Quartile of Incoming Freshman
(N=50, M= 37, Range =2146)
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of incoming freshmen (Source: Authors)

Modelling-Based Instruction in Third Year of NM-I Cohort Produces Gains in Scientific
Reasoning Scores

In NM-I sequence, students took a biology, chemistry, and physics sequence but not all opted to take
physics in the third year. This is indicated in Figure 7 by the absence of lines connecting the second and third
years of science instruction. At the beginning of the third year of science instruction, there appears to be a
large jump in scientific reasoning scores for NM-I sequence. Those who did opt to take physics as a third year
of science tended to score slightly higher on the scientific reasoning test at the end of their second year of
high school science (n=61, M=65) than those who did not (n=23, M=57).

Within the group that opted to take physics as a third year of science, students were randomly placed into
one of two teachers’ classrooms. One teacher taught physics using modelling-based pedagogy while the other
used a mix of inquiry and scientific discovery methods. In the second year of instruction, the average
Normalized gains in scientific reasoning of these two subsets of the cohort were not significantly different
from zero (Figure 8, year 2). However, in the third year of science instruction, those students who received Ml
in physics achieved average normalized gains of approximately 30.0%, while those students who received
inquiry/discovery instruction in physics showed average normalized gains that were not significantly different
than zero (Figure 8, year 3). Therefore, modelling has a nonzero effect on normalized gains in scientific
reasoning scores regardless of the year of instruction reinforcing the conclusion from HLM analysis.

Repeated Exposure to Modelling-Based Instruction Benefits Lower Performing Students

In Ml sequence, there is an apparent leveling off of scientific reasoning scores after the first year. However,
this large-scale analysis may be missing within-group effects of continued MI. Therefore, we examined the
effect of continued MI on students within the cohort most likely to be at risk-those in the lowest quartile of
scientific reasoning scores at the beginning of their first year of science instruction. Figure 9 shows a shift in
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Table 5. Means & standard deviations (in parentheses) for content tests & scientific reasoning tests for Ml
cohort used in linear regression analyses

Year Year 1 Year 2 Year 3

Test Pre Post Pre Post Pre Post

SR 55(18) & n=136 69 (16.8) & n=137 - 69 (16.7) & n=106 - 74 (16.4) & n=102
FCl 22 (8.9) & n=137 45(15.3) & n=134 - - - -

cal - - - 41 (16.7) & n=119 - 43 (18) & n=104
BioSatll - - - - 36(11.3) & n=110 53(12.4) & n=114

Table 6. Standardized beta coefficients for significant variables in regression models
PreSR PostSR PostSR PreFCl PostFCl PostCCl PreSATII

v year 1 year 1 year 2 year 1 year 1 year 2 year 3 Regression statistic
PostSR year 1 .65%** NI NI NS NI NI NI F(2,128)=57 & p<.001
PostSR year 2 NI 59*** NI NI NS NI NI F(2,100)=40 & p<.001
PostSR year 3 NI NI .60*** NI NI NS NS F(3,72)=23 & p<.001
PostFCl year 1 29%%* NI NI 25%% NI NI NI F(2,128)=17 & p<.001
PostCCl year 2 NI 38*** NI NI .23* NI NI F(1,110)=21 & p<.001
PostCCl year 3 NI NI 9% NI NI 56%F* NS F(2,71)=25 & p<.001
PoSATII year 3 NI NI 24% NI NI .23% 27% F(3,78)=13 & p<.001

Note. ***p<0.001; **p<0.01; *p<0.05; NS: Not significant; NI: Not included; IV: Independent variable; FCl: Force concept
inventory; & CCl: Chemistry concept inventory

the distribution of scientific reasoning scores toward higher performance for this quartile with continued M.
For comparison, Figure 10 shows the distribution of scientific reasoning scores for the next highest quartile.
No shift in distribution was seen, a pattern that was also observed with the top two quartiles.

Scientific Reasoning Scores are a Significant Predictor of Post-Content Test Scores

At the end of each course for the second year of the conversion to MI, content assessments were given as
well as the LCTSR. These students took physics in their first year, chemistry in their second year, and biology
in their third year of science instruction. The mean scores are shown in Table 5.

To assess the interplay between content knowledge and scientific reasoning, two regression analyses were
conducted for each year of science instruction. One set of regression models had the post-SR score as the
dependent variable with prior SR and content scores as the independent variables (Table 6).

The other set of regression models had post-content test scores as the dependent variable with prior SR
and content scores as the independent variables. In both sets of regression analyses, “prior” refers to the
most proximate previous scores. For example, at the end of the second year of science instruction, the prior
SR reasoning score was that given at the end of the first year of science instruction, and the prior content test
score was FCl also given at the end of the first year of science instruction. For every year, post-SR score was
shown to be affected by the prior SR score, but not the prior content score. Meanwhile, post-content score
was shown to be predicted by both the prior content score and the prior SR score. These results suggested
that students’ SR influenced their ability to do well on content assessments, but the reverse is not true.
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DISCUSSION OF RESULTS

This longitudinal case study was undertaken to determine the effects on the scientific reasoning of
students when exposed to Modelling-based pedagogy over three years of science study. The use of LCTSR
was a strategic choice since it is a well-respected and validated instrument that would allow for additional
comparisons to other contexts thus extending the generalizability of the results. Five main findings emerged
from the analysis of the three-year longitudinal study.

First-Year Modelling-Based Instruction Students Had Higher Scientific Reasoning Skills and
Maintained Them Across All Three Years of Study

First-year students were similar in all respects across multiple areas as shown by EERB and ISEE results
(see Figure 5 and Figure 6, respectively) and when there were differences, Ml cohort performed lower than
the non-modelling inquiry cohort. Thus, differences in reasoning skills at the end of the first year are unlikely
to be attributable to initial differences between Ml and NM-I cohorts. Despite this cognitive similarity between
the two entering cohorts, students in MI sequence compared to NM-I sequence scored much higher on
scientific reasoning at the end of the first year (69.0% vs. 57.0%, respectively).

Compared to NM-I cohort, Ml cohort maintained these higher scores through the end of the second year
of study (71.0% vs. 63.0%). Thus, continued improvement of average scientific reasoning scores due to a
second year of modelling was not seen. During the third year, Ml cohort continued to improve at a rate of
0.2% per month. Thus, Ml cohort demonstrated a final score of 73.0% on average. These results mean that
the students in Ml cohort achieved scientific reasoning scores at the end of their first year of high school well
above the prescientific reasoning scores reported for non-STEM undergraduate college majors (54.0%) and
very close to those reported for undergraduate STEM majors (75.0%) (e.g., Moore & Rubbo, 2012). Thus, by
the end of their third year, the average Ml student demonstrated scientific reasoning abilities equivalent to
those of incoming STEM majors even though most of these students would be moving into non-STEM related
fields. The use of modelling-based pedagogy as a science practice across years, therefore, portends well for
supporting college readiness. This is especially good news given that SRS have been shown to resist changes
during college years (e.g., Ding, 2018; Ding et al., 2016). This longitudinal study further supports earlier short
intervention studies that found gains in SRS when pedagogies that focus on critical thinking skills were
deployed s (e.g., Blumer & Beck, 2019; Hester et al., 2018; Yanto et al., 2019).

A comparison of reasoning scores between Ml and NM-I cohorts at the end of the third year was attempted
and demonstrated no significant differences. However, it is our contention that it is not fruitful to compare
the scientific reasoning scores between the cohorts in the third year for multiple reasons. One reason is that
the third-year course selection choices for NM-I cohort included multiple avenues (see Figure 3). These
alternate paths caused a decrease in the number of students in each path lowering the power of the analysis,
which might be one reason that no reasoning scores in the third year were significantly different even though
the averages were very different ranging from the mid 60’'s to the mid 80's (see Figure 7). In addition, the NM-
| students who chose science in the third year were a select group of students planning on continuing to enroll
in future science classes. The removal of the students from NM-I cohort who did not plan on enrolling in
further science classes would have affected the overall average in the third year probably negatively. On the
other hand, Ml third-year cohort included all students in the school as it was a graduation requirement (i.e.,
those planning on pursuing future science classes as well as those who were not). Thus, any comparisons of
these two cohorts scores at the end of the third year would not be valid.

Content Post-Test Scores Were Correlated to Pre-Scientific Reasoning Scores

Significant correlations between prescientific reasoning scores and content post-test scores in multiple
subjects were observed in this study. But the reverse was not true. This is in line with prior research studies,
which showed that gains in scientific reasoning scores were correlated with conceptual gains at the college
and high school levels (e.g., Nieminen et al., 2012; Orosz et al., 2023; Thompson et al., 2018 ). Thus, Ml cohort’s
science reasoning pre-scores correlated with larger gains in their subject knowledge as the years progressed.
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Scientific Reasoning Increases Are Due to Modelling-Based Instruction and Not to the
Switch in Discipline in the First Year of Study

The results indicated that the scientific reasoning scores were due to Ml and not to the switch from biology
to physics in the first year of secondary school. HLM study revealed these interesting results when analyzing
the non-modelling inquiry sequence during their third year of study. In the third-year students taking physics
took one of two paths: either a Ml or a NM-I course. The students in the physics NM-I option (with no exposure
to modelling) demonstrated no significant normalized gain in their reasoning scores across the third year.
However, NM-I cohort students assigned to the modelling-based physics course demonstrated an average
30.0% normalized gain in reasoning scores by the end of the third year. It is unlikely that this gain was due to
teacher effect since the teacher who taught the third-year NM-I cohort's modelling-based physics course also
taught a first-year Ml physics course in the Ml sequence (see Table 1). The scores of this teacher’s first-year
students on LCTSR were in the middle of the range of first-year students. Combined, these results provided
support that the differences between NM-I cohort and MI cohort's scientific reasoning results cannot be
caused by simply switching from biology to physics in the freshman year. Thus, the data suggested that Ml
affects the students’ scientific reasoning scores no matter at what time the course is taken and implies that
physics-first is not the magic bullet to increasing scientific reasoning scores, Ml is. This finding further supports
the use of pedagogies that focus on critical thinking skills to enhance SRS at all levels (e.g., Blumer & Beck,
2019; Hester et al., 2018; Yanto et al., 2019).

Timing Effects of First Exposure to Modelling-Based Instruction Support Ml Cohort’'s
Content Scores

The zero normalized gains and low slopes for continued MI in Ml cohort suggested that after the first
exposure to modelling, little benefit was obtained with more exposure. This brings up the question: does it
matter if students experience modelling throughout the course of their high school years or is a single
exposure sufficient? Our regression analyses with content knowledge and scientific reasoning would argue
against a capstone exposure in the last year of science instruction even if the graduating scientific reasoning
scores are not significantly different from those obtained by first-year exposure. As shown here and in prior
research prescientific reasoning scores are predictive of post-year content scores, but the reverse is not true
(e.g., Moore & Rubbo,2012). This suggests that scientific reasoning ability at the beginning of the year could
be playing a role in content learning. This argument was supported by research on college students, which
shows that students’ prescientific reasoning scores are correlated with content gains (e.g., Getahun, 2022;
Thompson et al., 2018; Williams et al., 2021). Theoretically, if scientific reasoning is responsible for increasing
content knowledge, the earlier students are exposed to modelling, the greater the benefit for subsequent
knowledge acquisition. However, there is an even stronger argument to be made not only for exposing
students to Ml early but for continuing that mode of instruction in subsequent years.

Repeated Modelling Exposure Benefits Lower Performing Students

While overall there seems to be a leveling off of the scientific reasoning scores for Ml students on average
this is not the case when one looks at the scores of the students at most risk of performing poorly (the lowest
quartile of students). The lowest quartile of incoming ninth-graders in Ml sequence showed a marked
decrease in the number of reasoning scores below 40.0% over the three years of the study. Thus, they
experienced a concomitant increase in reasoning scores above 75.0% (see Figure 9 and Figure 10). Given the
correlation shown between content learning and SRS, this finding demonstrates that Ml could allow the
students at most risk in science classes to thrive and be better prepared for their future. Thus, science
modelling could be important for promoting equity in school science. This finding is supported by a cross-
national study’s findings concerning the differential effectiveness of classroom-level factors like modelling on
science and mathematics achievement. Vanalar et al. (2016) determined that these classroom factors seemed
to impact the achievement levels of lower performing students to a greater extent. Similarly, in our study, we
determined that one impact of long-term exposure to scientific modelling is that it produces higher SRS in the
lowest-performing students. Thus, one year of science modelling might not be enough for these students to
succeed at their utmost. This to our knowledge has not been reported elsewhere and is one that would not
have been discovered without the longitudinal nature of this research.
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The importance of this finding cannot be stressed enough especially in terms of future persistence in
science. Past studies have shown that students’ beliefs in their competency are predictive of achievement
(Khan et al., 2022; Schunk et al., 2008).

CONCLUSIONS

The findings presented in this paper show that in terms of the conceptual framework used in this study,
MI supports the development of SRS, which support student content learning. Thus as a coherent whole, the
evidence presented in this paper argues for sustained MI in high school science curricula. This study
demonstrated that there is a benefit to starting Ml in high school early and continuing exposure throughout
secondary science instruction. The following evidence supports this statement:

1. Ml had higher overall scientific reasoning scores than NM-I.
2. Scientific reasoning appears to positively correlate with content scores but not vice versa.
3. Consistent Ml moved weaker students to higher scientific reasoning scores'.

Thus, there appears to be a benefit to starting Ml in high school early and continuing it throughout science
instruction.

The long-term exposure to Ml in high school can continue to benefit students for years to come. Research
implies that lower levels of scientific reasoning correspond with difficulties in problem-solving in abstract
contexts such as constructing conclusions based upon evidence. Moving students towards higher levels of
scientific reasoning better equip them as everyday citizens to develop evidence-based conclusions, which is
particularly important as the world becomes more and more data-driven. For students moving on to college,
improved reasoning scores set them up for success. Studies have shown that entry-level college students
planning on majoring in STEM fields routinely score in the seventies whereas non-STEM majors routinely score
in the fifties (e.g., Jensen et al., 2015; Moore & Rubbo, 2012). Because of the link shown in college between
entry-level scientific reasoning scores and content gains (e.g., Ding, 2014; Moore & Rubbo, 2012) increasing
scientific reasoning scores in high school should better equip students for college success, and thus has the
potential to ameliorate the cycle of failure seen in entry-level college science courses (Jensen et al., 2015) as
well as help to decrease the dropout rates of STEM majors (Heilbronner, 2011).

Thus, the marked shift of the lowest quartile of modelling sequence to higher levels of scientific reasoning
suggests that continued MI not only better prepares these at-risk students to master new scientific content,
but also better prepares them to succeed as everyday citizens and college students. It is highly probable given
the lack of reasoning gains by NM-I cohort across the three years of the study that if this group of students
had only participated in the initial year of modelling their scientific reasoning scores would have remained
below 50.0% by the end of their third year of science instruction. This scoring range would put them well
below entering undergraduate STEM majors and at the lower end of entering undergraduate non-STEM
majors. Thus, using modelling as a scientific practice across multiple science classes and years allows for
increased equity across all ranges of student abilities.

Limitations

This study is a long-term comparative case study of a single school implementing a change in pedagogy.
Thus, while the results have the advantage of being obtained in a real-world context, the study is subject to
several limitations. Administrative policy changes made direct gain score comparisons for scientific reasoning
impossible for the first year of the study. However, given the comparability of entering students' scores on
several measures, it is a reasonable supposition that NM-I and MI cohorts’ pre-freshmen scientific reasoning
scores would have been similar. A second limitation was that the study took place at a single independent
school, which limits the generalizability to other contexts. However, the single location minimized the
variability of context (in terms of non-science instruction and science teachers) and initial differences between
all students. The final limitation is that the study had two independent variables including the differences in
course pedagogy as well as a switch in the type of science discipline being taught at the freshman level. The
results in the third-year physics course imply that it is not the science discipline sequence that makes the
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difference between the two cohorts’ scientific reasoning but the use of modelling- based instruction. However,
it is essential to test this hypothesis.

Implications and Future Directions

This research adds to the growing body of literature that indicates the importance of using modelling as
scientific practice in secondary schools (Dye et al., 2013; Osborne, 2014). This research demonstrated the
longitudinal effects of modelling-based science instruction. Our results suggest that the use of modelling as
a scientific practice is a social justice as well as an equity issue. If schools wish to improve all students’ scientific
reasoning abilities to make them successful and thoughtful consumers of scientific knowledge as well as
prepare them for STEM careers, then our results indicated that Ml should not only begin as early as the ninth
grade but should continue throughout high school. This longitudinal comparative case study lays the
groundwork for additional longitudinal research that focuses on the use of modelling as scientific practice in
a quasi-experimental fashion across multiple contexts to determine the generalizability of these findings.
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