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Abstract: The primary aim of this research is to evaluate the quality of change in socioscientific reasoning
(SSR) among students through the application of the multi-facet Rasch model (MFRM) within a quasi-
experimental quantitative research design. The study involved thirty-one students. All participants
completed a ten-item test with open-ended questions. Student responses were assessed by five raters
using a rubric, and the data were analyzed using the MFRM stacking technique. The analysis revealed that
the data aligned with the MFRM measurements, and there were variations in students’ SSR scores between
T1, T2, and T3. The postintervention change (T1-T2) demonstrated a positive shift, indicating the
effectiveness of the intervention. However, postretention changes (T2-T3) showed a negative trend,
suggesting a weakening of the intervention’s meaningfulness. When examining the nature of
postintervention and postretention changes together, it became apparent that a significant proportion of
students (71%) exhibited weak and inconsistent changes in their SSR, with some students experiencing
anomalous shifts. Importantly for the accuracy of the MFRM measure, although the intervention initially
resulted in positive changes, these changes did not persist in the postretention period. This suggests there
is room for improvement in the long-term impact of the intervention on students’ SSR.
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Introduction

One of the serious challenges of science learning in the future is how to create an effective and
meaningful learning environment (Fraser 2012; Koul 2023), culminating in positive and
productive learning experiences (Rahayu et al. 2021; Rahmawati et al. 2021). As a result, each
student is skilled in building their epistemological reasoning framework, commonly known as
socioscientific reasoning (SSR) (Sadler et al. 2007). SSR is an important competency, related to
students’ thinking practices in their efforts to understand and provide solutions to
socioscientific issues (SSIs). As SSI is relatively complex, it requires scientific and social
considerations, meaning that it can be resolved meaningfully by students (Herman et al. 2021).
Recent studies have shown that students’ skills in building SSR frameworks are determined by
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the quality of their epistemological engagement in learning (Kinslow et al. 2018; Kutluca 2021).
This view is underpinned by the principle of constructivism learning theory (Bodner 1986;
Sesen and Tarhan 2011), that students construct their own epistemic meaning, based on
learning experiences, which they obtain through interactions between known, believed facts,
data or ideas, and newly discovered ideas (Krahenbuhl 2016; Pande and Bharathi 2020).

Scholars agree that the SSR framework can change and evolve, reflecting changing
understandings of how students present and package information (Kinslow et al. 2018).
Therefore, epistemological learning experiences tend to determine the development of students’
scientific literacy (Sadler and Zeidler 2009). That is why, setting the conditions for SSI-based
learning is considerably important and strategic (Herman et al. 2021; Ke et al. 2020), especially
if it is placed as a problem context in learning (Kutluca 2021; Zeidler et al. 2013), to navigate the
engagement and thought process of students building their epistemological reasoning (Owens
etal. 2019). Typically, SSIs are controversial topics and tend to be complicated and complex, but
are conceptually bound to science and cannot be solved by a scientific view alone (Corner and
Hahn 2009). Such concepts are complex because they involve multiple perspectives and do not
allow for a single deduction or solution. For example, issues of pollution and ecological damage,
etc. (Irmak 2020; Sadler 2004a, 2004b; Zohar and Nemet 2002).

Previous research has shown that SSI-based learning conditions have been effective in
improving the meaningfulness of content knowledge (Sadler et al. 2016), science practices (Peel
et al. 2019; Zangori et al. 2017), and the nature of science understanding (Khishfe and
Lederman 2006); encouraging the growth of good student personality traits, in their active role
as members of society (Lee et al. 2013); and developing higher-order cognitive skills, critical
thinking, formal reasoning, decision-making, and argumentation (Sadler and Zeidler 2009;
Zeidler et al. 2013). However, some scholars claim that this research has not directly measured
the process of students’ epistemic engagement with learning complexity and its role in
negotiating SSI (Kinslow et al. 2018). Therefore, efforts are needed to increase students’
epistemic engagement in SSI-based learning, to a higher level, i.e., the ability to contextualize
or make meaning from their own learning experiences (Ryder and Leach 1999). However, these
efforts often fail, due to the lack of opportunities and appropriate learning environments for
them to engage directly in epistemic activities. For example, many students are active in data
collection but are unable to explain what the data they collect means, and how the laboratory
tests relate to the problem they are researching (Bonney et al. 2009; Cooper 2012).

Some scholars rely on informal reasoning to interpret students’ learning experiences
(Sternang and Lundholm 2012), incorporating sociocultural, economic, and value aspects of
the SSI context studied in learning. This method is then applied as an SSR construct (Kinslow
et al. 2018; Romine et al. 2017), covering four dimensions of competence, namely: (1)
complexity, (2) perspective taking, (3) advanced inquiry, and (4) skepticism (Cian 2019;
Hancock et al. 2019; Kinslow et al. 2018). Research related to SSR constructs includes that
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reported by Romine et al. (2017). This research found that most students’ SSR framework did
not depend on their declarative knowledge, and there were inconsistent item functions. No
significant change in students’ SSR was found, due to the influence of the short duration of
the SSI-based intervention. Kinslow et al.’s (2018) research found that SSI-based learning
tends to support students’ SSR development (Sadler et al. 2007, 2011). Research by Owens et
al. (2019) found that students need challenging contextual learning to enable them to analyze
problems from various perspectives and use their skepticism to analyze potentially biased
information. Research by Herman et al. (2021) and Owens et al. (2022) report that learners’
SSR is built based on the knowledge domain they understand, in responding to SSI
effectively. However, as far as the literature search has been carried out, it has never been
tested and revealed to what extent the effectiveness and meaningfulness of learning designed
based on SSI, in influencing the quality of SSR, changes. In this study, intervention testing
was carried out with different techniques, which emphasized the setting of learning
conditions, by integrating SSI as a problem context, with sufficient learning time duration,
and using stacking analysis techniques with a multi-facet Rasch model (MFRM) approach.

The authors developed environmental problem-solving—based learning (EPBL), as a
research intervention model. This model is adapted from the process oriented guided inquiry
learning (POGIL) model (Treagust et al. 2018). In the EPBL model, SSI is integrated as a
context for learning problems, so that the learning process can take place factually, through
the process of observation, laboratory testing, and environmental exploration (Grooms 2020).
The effectiveness and meaningfulness of the intervention were assessed by the quality of
change in students’ SSR, using a ten-item test with open-ended questions. The test was
adapted from the Quantitative Assessment of SocioScientific Reasoning (QuASSR) (Kinslow
etal. 2018; Romine et al. 2017; Sadler et al. 2007). The test was administered at three different
measurement conditions: preintervention/pretest (T1), postintervention/posttest (T2), and
postretention/delay-test (T3). This postretention measurement was conducted after six
months of intervention implementation. The purpose is to determine the number of positive
SSR changes, which are still able to be maintained, remembered, or applied by students, after
six months of intervention. That is, the higher the retention, the more meaningful the
intervention carried out in learning (Degeng 1999; Reigeluth 1992).

Students’ responses at T1, T2, and T3 were examined by five expert raters and analyzed
using the stacking technique with the MFRM approach. This technique has the advantage and
uniqueness in its analysis, based on an individual-centered statistical perspective, allowing
researchers to estimate carefully and accurately, whether and how each individual student
changes during the intervention (Boone and Staver 2020; Laliyo et al. 2022; Ling et al. 2018;
Sukmawati 2023; Wright 1996, 2003). MFRM is able to provide a fair and accurate estimation
of the size (logit) of each student’s SSR change at T1, T2, and T3. In addition, each rater can be
defined in terms of their rating, based on the way they rated. This means that MFRM requires
that there are no raters whose ratings are identical (Bond and Fox 2015; Boone et al. 2014;
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Kudiya et al. 2018). Thus, the estimation of the size (logit) of students’ SSR change can be
executed independently and simultaneously, allowing the comparison of multiple items at the
same time on the same scale (Zhai 2022). At the individual level, differences in T1, T2, and T3
measures can reveal different student responses, specific or not suitable for the intervention
(Ling et al. 2018). The research questions are as follows: (1) How good is the suitability of the
psychometric attributes of this research instrument when used to measure changes in student
SSR? (2) In terms of the acquisition of student SSR measures: (a) Is there a difference in student
SSR measures in conditions T1, T2, and T3? (b) What is the nature of students’ SSR changes
that occurred at postintervention (T1-T2) and at postretention (T2-T3)? (3) If the nature of SSR
changes that occurred postintervention and postretention is connected: (a) what is the quality
of students” SSR changes? (b) Are there students who experience anomalous SSR changes? If so,
are there any other factors that contribute to the anomalous SSR changes?

In conclusion, this article addresses the research problem of assessing changes in
students’ SSR in an environmental chemistry class, with a focus on evaluating the
effectiveness and meaningfulness of a pedagogical intervention. Specifically, the study seeks
to understand how students” SSR evolves and the impact of a specific intervention model,
EPBL, on this evolution. By utilizing the MFRM, the aim is to investigate the quality of these
changes in SSR among students. The central research question guiding this investigation is:
“To what extent do changes in student SSR measures occur as a result of an EPBL
intervention, and what is the quality and nature of these SSR changes, including any factors
contributing to anomalous shifts?”

Methodology
General Background

This study employed a quantitative approach, in a quasi-experiment quantitative research
design without a control group (Creswell 2012). The EPBL model intervention is designed
based on participatory experiments that present conceptual conflicts, between science and
society, as a strategy to encourage students to build SSR frameworks with correct concepts
(Almuntasheri et al. 2016). Therefore, students have the opportunity to change their
conceptions and epistemological reasoning to be more accurate and scientific (Zvoch et al.
2019). However, it must also be recognized that potentially, there may be students who tend
to be resistant to change (Gette et al. 2018).

Participants

The participants in this study involved thirty-one chemistry teacher trainees (aged 20 to 21
years), who were enrolled in an environmental chemistry course at the Chemistry Department,
Faculty of Mathematics and Natural Sciences, State University of Gorontalo, Indonesia. All
participants, comprising six males and twenty-five females, had passed the basic chemistry
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course, and the basics of analytical chemistry, as prerequisites before taking environmental
chemistry. Traditionally, this course in each regular semester is conducted weekly, with three
sections (fifty minutes) of theoretical lectures and one section of laboratory practical lectures,
for sixteen weeks. In general, this course is known to be quite “difficult,” as it requires
significant face-to-face time, especially in developing problem-solving quantitative information
analysis and interpretation. For this reason, some students choose to postpone taking this course
until their final year of study. Research permits were obtained through the applicable
procedures. The researcher applied for a research permit through the head of the university,
and then forwarded it to the head of the study program. After the research plan was approved,
perceptions were shared with the teaching team of the environmental chemistry course
regarding the schedule and learning strategy. Related to the research code of ethics, students
have expressed their willingness, and they were given information about the purpose of the
research, procedures, and risks and benefits of being a research subject, and were informed that
their identity will be kept confidential (Taber 2014).

Learning Procedure

After completing a pretest (T1), the EPBL model was applied to the environmental chemistry
course, for sixteen learning activities, in five learning stages: (1) problem orientation with SSI
context, (2) exploration and observation, (3) concept formation and problem identification,
(4) application, solution, and follow-up, and (5) reflection and conclusion. The problem
orientation stage consists of two activities. Firstly, SSI was introduced as the context of the
main learning problem. Students were asked to observe a video presentation and read a
research article related to pollution in Lake Limboto that had been provided. Following the
observation was asking students to explain what they observed in groups, describe the
problem, and formulate the hypotheses. Secondly, students were asked to answer some
specific questions, guided by the worksheet. These questions included, for example, is the
lake polluted? What is the concentration of dissolved chemical species (e.g., nitrate, nitrite,
phosphate, sulfate, dissolved oxygen, pH, etc.) of the Limboto lake water? What is the water
quality? What are the possible solutions? These are examples of open-ended, inquisitive
questions that cannot be answered in a conventional class.

In the exploration and observation stage, students conducted exploration, observation,
and interview activities related to community activities in managing and utilizing the lake.
Students went directly to the field, taking water samples at several points around the lake,
observing the lake shore, and interviewing the community. The aim is for students to collect
important information related to the causes of murky lake water and information about the
content of pollutants through laboratory testing. With this flow of activities, students are
expected to build a framework for understanding their epistemology, based on evidence from
observations, interviews, and laboratory tests. In the concept formation and problem
identification stage, students are asked to formulate and categorize problems based on the
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results of exploration and observation, namely the SSI category that occurs due to the process
of cause-and-effect relationships and comprises conflicts between scientific and social aspects.
This problem formulation is tested through panel discussions so that communication
patterns and thinking constructions can strengthen the meaningfulness of problem-solving.
At the stage of implementing solutions and follow-up, students were asked to present the
formulation of solutions and follow-up problem-solving, based on the perspective of
stakeholders, and the perspective of students, which were processed from the results of
information collection, experiments, and conclusions (Mitarlis et al. 2020; Pedaste et al. 2015).
In addition, students were asked to verify and clarify potentially biased information and explain
what factors cause the biases. It was expected that at this stage, students’ epistemological
reasoning developed so they could justify the solution framework and information bias in
society. Finally, at the reflection and conclusion stage, each student was asked to compile a
conceptual map of the problem based on the learning experience they had participated in. The
map must be prepared by including keywords that connect each concept, thus forming a logical
and empirical thinking construct. With this concept map, it is expected that the structure of
students’ thinking in solving the pollution problem in Lake Limboto can be identified.

Instrument and Procedures

The research instrument was adapted from the QuASSR test and developed using a four-stage
construct modeling approach (Brown et al. 2010; Hadenfeldt et al. 2013; Wilson 2004). First,
the SSR construct was defined. In this study, the construct of SSR is defined as students’
thinking practices in understanding and solving the problem of pollution and ecological
damage in Lake Limboto, presented in Table 1. Second is item design. The basic structure of
this test was designed based on the type of problem description measured in each dimension,
which includes each subdimension of SSR. Third is the design of assessment criteria. The
scoring criteria are based on a rubric, where each item is given in a score range of 0 to 4,
according to the characteristics of the measured subdimension. An example of this is the
assessment for item Al. This item measures students’ skills in identifying categories of SSI-
contextualized problems resulting from pollution and ecological damage in Lake Limboto. A
score of 4 is given if students can identify one example of an SSI-contextualized problem and
explain it in detail. Score 3 is if students are able to identify one example of a problem with an
SSI context, but not explained in detail. Score 2 is if students can identify one example of a
problem, but cannot be categorized as a problem with the SSI context. Score 1 is given if one
example of a social-scientific context problem category is not identified. Score 0 is given if the
student does not provide an answer. This instrument has also been validated in terms of the
suitability of the content of each item (subdimension) with the construct (dimension) and the
language used. The validation results from five experts were expressed in Fleiss Measure, K =
.96, meaning that the five validators agreed that the validity of this item was categorized as good.
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The fourth is the MFRM analysis approach. The Rasch model was developed by Georg
Rasch ([1960] 1980) and has been widely used to assess the feasibility of instruments and
diagnose problems (Andrich and Marais 2019), including changes in students’ SSR (Kinslow
et al. 2018; Romine et al. 2017; Romine and Sadler 2016). The distinctive features of this
analytical approach are: (1) converting students’ probabilities of item completion into log
odds and logits, thereby reducing the problem of nonlinearity in raw scores; (2) placing
students’ skill level and item difficulty on the same interval scale, so that item scores by
particular students can be predicted; and (3) providing information, such as item fit statistics,
to check whether each test item used fits the underlying construct, and to identify which
students are responding in unexpected ways (Fox and Jones 1998). MFRM was developed by
Linacre (1989), which combines measurements of more than one variable or aspect. This
approach differs from the typical two-aspect measurement model (Eckes 2015). MFRM allows
the analysis of multiple aspects simultaneously and independently at item difficulty levels
with the same interval scale (Myford and Wolfe 2003). It also provides a better analysis of
how well each facet fits the model and detects potential interaction effects between facets
(Bond and Fox 2007; Eckes 2015; Linacre 1989).

Table 1: Conceptual Map of SSR Constructs

Dimensions Subdimension / Indicator Item
Skillfully identify categories of problems in the SSI context Al
A. Identify complex SSI Skillfully describe the categories of problems V‘./ith S.SI context, which A2
categories oc?ur due .to th.e p.rocess of. cause—and—effe?t relatlonshll?s
Skilled at identifying conflicts between science and sociocultural aspects A3
in complex SSI problem categories
B. Analyzing SSI in various Skillfully identify differences in stakeholder opinions B1
perspectives Skillfully describe differences in stakeholder perspectives B2
Skillfully provide solutions for problem-solving B3
C. Identify aspects of SSI that Skillfully formulate specific research questions and follow-ups C1
need further investigation Skillful in formulating prioritization strategies C2
D. Categorize potentially biased | Skillfully critically analyze potentially biased information D1
information with skepticism | Skillfully provide critical arguments as to why information may be biased | D2

The conceptual model of this study, which emphasizes participatory learning through
problem-solving in science-society contexts, directly targets the improvement of SSR in each

dimension:

1. Dimension A (Identification of complex SSI): The participatory approach
encourages students to confront real-world issues, thus promoting a deeper
understanding of complex categories of scientific and social problems.

2. Dimension B (Analysis of stakeholder perspectives): By interacting with diverse
community perspectives and scientific data, students develop the ability to analyze

different viewpoints and propose comprehensive solutions.
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Dimension C (Further investigation): The fieldwork component of the intervention
drives students to formulate investigative questions, encouraging scientific inquiry
and application of theoretical knowledge.

Dimension D (Skepticism toward biased information): Reflection and data analysis
enable students to critically evaluate the reliability of information, fostering
skepticism and strengthening their epistemic reasoning.

Hypotheses and Expected Outcomes

The EPBL intervention model, centered around participatory problem-solving of science-

society conflicts, is expected to influence students” SSR abilities across four dimensions (as

outlined in Table 1). The hypotheses that guide this study align with specific dimensions and
subdimensions of SSR. These hypotheses clarify the relationship between the intervention

and anticipated changes in students’ skills:

1.

56

Hypothesis 1: Students will show significant improvement in their ability to identify
complex SSI categories (Dimension A), such as recognizing the cause-and-effect
relationships between scientific and sociocultural aspects of environmental
problems (A1-A3). The expectation is that after engaging in the EPBL activities,
students will become more proficient at distinguishing between science-based and
sociocultural perspectives on environmental issues.
»  Expected Outcome: Students will move from basic identification of problems
(T1) to a more nuanced understanding of conflict categories by the posttest
(T3).
Hypothesis 2: The intervention will enhance students’ skills in analyzing SSI from
various perspectives (Dimension B), especially in recognizing stakeholder differences
and generating problem-solving strategies (B1-B3). By simulating real-world scenarios
and stakeholder roles, students are expected to practice interdisciplinary reasoning and
appreciate the diversity of perspectives in addressing environmental problems.
= Expected Outcome: An increase in the depth and clarity of stakeholder
analysis and the complexity of proposed solutions between T1, T2, and T3.
Hypothesis 3: The intervention will promote students’ capacity to identify aspects of
SSI requiring further investigation (Dimension C). After exploring pollution-related
data and conducting field observations, students are expected to ask more specific
research questions and prioritize next steps in the inquiry process (C1-C2).
»  Expected Outcome: Students will move from vague or general questions at T1
to more targeted and scientifically grounded research questions and
investigation strategies by T3.



LALIYO ET AL.: CHANGES IN STUDENTS' SOCIOSCIENTIFIC REASONING

4. Hypothesis 4: Students’ ability to categorize potentially biased information and
apply skepticism (Dimension D) will improve. Through engagement in fieldwork,
data analysis, and reflection on biases in media or community knowledge, students
are expected to develop stronger critical reasoning skills (D1-D2).

= Expected Outcome: By T3, students should be more adept at recognizing bias
in environmental discourse and providing critical arguments, building on

their initial responses in T1.
Data Analysis

Data collection utilized the same structure of T1, T2, and T3 items. Previously, all students
were informed of the data-collection schedule and the mechanism for responding to each
item. The test was administered online through the link provided, and students responded
in writing in a designated class according to the time allocation provided (120 minutes).
Student responses to T1, T2, and T3 were obtained in Excel as description data. This data was
then organized by item number according to the T1, T2, and T3 data groups, and assessed by
five experts based on the rubric. The scores of the expert assessment results were then arranged
using the stacking technique, by placing the T1, T2, and T3 data together vertically (Anselmi
et al. 2015; Herrmann-Abell et al. 2013; Ling et al. 2018; Sunjaya et al. 2021; Wright 2003).
Each expert rating appeared once in T1, T2, and T3 for each student and item. This data was
then converted into data with the same interval scale using Facets Version No. 3.83.3 software
(Linacre 2020), thus allowing the researcher to examine changes in each student (Wright
2003). Checks were made on the same items, so it was possible to determine each student’s
measure of change at T1, T2, and T3 (Wright 2003). Thus, each student produces three
measures, i.e., T1, T2, and T3, on each item. The proposed research hypothesis is that
students’ SSR ability changes from T1 to T2 and T3.

Results
Psychometric Attribute Analysis

Tested the suitability of student, item, and rater psychometric attributes with MFRM, based
on the test results of unidimensionality, reliability, person fit, item fit, rater assessment
quality, and Wright map. First, unidimensionality. This is one of the key requirements for
Rasch measurement (Bond and Fox 2007; Chi et al. 2021; Wang and Willson 2005).
Unidimensionality means that the ten items used as measurement instruments in this study
measure only one construct at a time, namely SSR skills (Bond and Fox 2007; Boone et al.
2014; Boone and Staver 2020; Fisher 2007; Myford and Wolfe 2004). In this study,
unidimensionality was measured using Principal Component Analysis (PCA) of the residuals
to determine the extent to which instrument variance measures what it is supposed to
measure (Aryadoust et al. 2021; Ding 2018; Tseng et al. 2019). The estimated fit of the data to
the model using the Chi-squared test results is 10,370.7715, at the level of significance
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probability = .0000. This indicates that the data fits the model or the data can be analyzed
with MFRM. This overall reference shows that the data fits the model (Boone and Staver
2020). The raw variance explained by measures of this research data is 30.14 percent, greater
than the minimum unidimensionality requirement of 20 percent. In other words, the data
can be analyzed, because most of the nonrandom variance can be found in the data and is
explained by one latent dimension (Chi et al. 2021; Eckes 2015), and the level of item
independence in the instrument is very good (Linacre 2020; Ling Lee et al. 2020).

Second, reliability. The Rasch model provides two reliability statistics: the reliability
index and the separation index. The separation index measures the spread of an estimate
relative to the precision of that measure (Chi et al. 2021). This separation index measure can
reach much larger values depending on the size of the error variance (Eckes 2015). These two
types of reliability statistics indicate the reliability of measurement differences. According to
the test results, the reliability index of assessment items (.99 logits) and students (.88 logits)
was very good reliability, because the value was greater than .8 logits, as recommended by
Bond and Fox (2007). The acquisition of the stratum index was also higher than 3, which
indicates the data collected is reliable (Kudiya et al. 2018). In addition are the student
separation index (2.67) and the item separation index (9.84). Both of these index values meet
the criteria of 2.0 logits as suggested by Linacre (2020). The magnitude of the student
separation index (2.67) and the student reliability index (.88) illustrate the good sensitivity of
the instrument, especially in distinguishing high-ability and low-ability students. The
acquisition of the item separation index (9.84) and item reliability index (.99) is empirical
evidence of the level of student ability and supports the very good construct validity of the
instrument (Boone et al. 2014; Boone and Staver 2020; Linacre 2020).
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Figure 1: Distribution of Student and Item SSR Levels
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Third, the Wright map. Figure 1 is a graphic visualization of the Wright map. This map
shows how consistent the distribution of student SSR levels, item difficulty levels, and rater
quality is. The higher the logit scale, the higher the level of student SSR and the level of item
difficulty, and the more difficult the level of scoring by the rater. Conversely, the lower the
logit scale, the lower the student SSR level, the lower the item difficulty, and the easier the
rater scoring (Boone et al. 2014; Boone and Staver 2020). The first column on the left is a
ruler-like scale that ranges from -2 to +2. The second column presents students’ SSR skills
distribution in conditions T1, T2, and T3 (which fall between —1.0 and +1.0 logits). Only one
student in condition T2 (Ist2: 1.42) exceeded all items, and one student in condition T1 (Asal:
-1.29) could not explain all items. The distribution of item difficulty levels in the third
column from the left side all occupy locations between 1.0 and +1.0 logits. No items have
the same logit size. The fourth column presents the severity/leniency level of the raters.
Severity raters, or those who tend to be the most stingy in scoring, are at the top, and lenient
raters, or those who tend to be the most generous in scoring, are at the bottom. All
distributions of student, item, and rater responses were modeled with zero logit means,
meaning that the means of student, item, and rater responses were on the same logit scale.

Table 2: [tem Measurement Report

Outfit PTMEA

Item Measure Model S.E. .
MNSQ ZSTD Correlation

Al -42 .06 1.06 .8 31
A2 -1.04 .07 1.18 1.7 21
A3 -31 .06 .70 -5.1 41
B1 43 .05 1.03 S .34
B2 .63 .05 .68 -6.6 .60
B3 -.08 .05 97 -4 52
C1 -45 .05 1.15 2.0 .34
C2 -.07 .05 1.43 6.4 48
D1 -39 .05 .86 -2.6 47
D2 92 .05 1.10 1.6 29

Fourth, item validity (item fit). An item is said to experience misfit if the measurement
results obtained do not match three criteria, namely: outfit mean square residual (MNSQ): .5
<y < 1.5; outfit standardized mean square residual (ZSTD): -2 < Z < +2; and point measure
correlation (PTMEA CORR): .4 < x < .8 (Boone et al. 2014). Based on the results of item fit
testing (Table 2), it is known that there are no items that do not fit the MNSQ outfit criteria.
However, four items (A3, B2, C2, D1) do not fit the ZSTD criteria. Five items (A1, A2, C1,
C2, D2) did not fit the PTMEA CORR criteria, but none of the items were negative. This
evidence shows that none of the items do not meet all three criteria, or no items deviate or
experience misfit. This means that all items are appropriate and valid. In addition, it was
found that item D2 (.92), was the most difficult item. Critical arguments or reasons why
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information can be biased; it tends to be the most difficult for students. Item A2 (-1.04) is
the easiest item. This means that in terms of the skill of describing categories of SSI-
contextualized problems that occur due to the process of cause-and-effect relationships, it
tends to be the easiest for students. Three items are higher than the average item size (.00
logit), namely: item D1 (.39), item B1 (.43), and item B2 (.63). The other five items lie below
the .00 logit, namely item C1 (-.45), item A1 (-.42), item A3 (-.31), item B3 (-.08), and item
C2 (-.07). All ten assessment items have standard errors that are smaller than .15 logits, which
means that the measurement precision is very good.

Table 3: Quality of Rater Ratings

Outfit . Inter-Rater Agreement
PTMEA . Lo Chi-
Rater | M Separation Srata Reliability Model | Expected
MNSQ |ZSTD | Corr. Squared
(96) (%)
Har -.38 |.84 —4.0 48
Tha =53 [1.01 .10 49
Erg -58 [1.04 |[1.0 .53 4.79 6.72 .96 .000 553 35.6
Arvi -79 [1.21 |41 51
Ahm [-.92 |.98 -.30 .63

Note: M = measure.

Fifth, the quality of raters’ ratings. The fourth column in Figure 1 presents information
related to the severity level of the raters. Raters who tend to be the most “difficult (stingy) =
severe” in giving scores (values) are at the top, while raters who tend to be the most “easy
(cheap) = lenient” in giving scores (values) are at the bottom. In Wright’s map, it is noted that
the distribution of the five raters tends to be very narrow compared to the distribution of
students (column 2) and the distribution of assessment items (column 3). This indicates that
the five raters work independently in assessing student responses at T1, T2, and T3, and are
relatively lenient when viewed from the error on measurement value. The results of testing
the quality of raters’ assessments (Table 3) show that there are no raters who do not fit the
criteria (Boone and Staver 2020; Linacre 2020). All raters performed very well, as indicated
by the PTMEA CORR value, which was not negative, and all met the qualifications of good
rater quality (Bond and Fox 2015; Boone and Staver 2020). Based on the separation value of
4.79, reliability value of .96, and Chi-squared test result =.000, it shows that the data obtained
from five raters have excellent reliability values, and the data can be trusted for further
analysis. This is corroborated by the acquisition of an inter-rater agreement value of 55.3
percent, which is not much different from the original value of 35.6 percent, meaning that
the five raters work independently. The raters did not cheat each other, and there were no
extreme judges. The series of validity and reliability test results that have been conducted
indicate that the data collected from the measurement instruments developed in this study
are in accordance with Rasch modeling.
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Nature of Change in SSR

The nature of change in students’ SSR is an important indicator to determine the effectiveness
of the intervention, done by comparing the size of each student’s logit at T1, T2, and T3 (Table
4). The estimation of the nature of change (positive or negative) is seen from the change in the
logit size of students in the postintervention condition (T1-T2) and the condition six months
after the intervention or postretention (T2-T3). The nature of change was assessed as positive
when the logit measure of SSR postintervention: T1 < T2, and postretention: T2 < T3. This
means students’ SSR changed for the better, postintervention and postretention. Conversely,
the nature of change is considered negative if in the postintervention condition: T1 = T2 and in
the postretention condition: T2 = T3. This means that the students’ SSR was lower in the
postintervention and postretention conditions. Based on Table 4, an interesting fact was that in
postintervention, almost all (90.3%) students experienced positive changes; in postretention,
less than half (45%) students experienced positive changes. At the individual level, in the
postintervention condition, the negative nature of change was identified in three students (6,
9, and 27), and in the retention condition, it was seventeen students (1, 2, 3, 4, 5, 7, 10, 12, 14,
17, 18, 19, 20, 23, 29, 30, 31). This fact shows that the effectiveness of postintervention learning
intervention is much better than postretention.

Table 4: Comparison of Student SSR Logit Measures

No Student Measure (Logit) Nature of Change in Student SSR Quality of
T1 T2 T3 Postintervention Postretention Change

1 Jal 24 .56 —.38 | Increased/Positive Declined/Negative Low
2 Wid -.14 .36 .24 Increased/Positive Declined/Negative Low
3 Sit -.17 21 .18 Increased/Positive Declined/Negative Low
4 Mei 43 .94 .78 Increased/Positive Declined/Negative Low
5 Rah .56 .86 .59 Increased/Positive Declined/Negative Low
6 Reg 21 -.56 .82 Declined/Negative Increased/Positive “Low
7 Ade -.01 46 .38 Increased/Positive Declined/Negative Low
8 Fad -.01 .13 .56 Increased/Positive Increased/Positive Good
9 Mus .59 -.01 .56 Declined/Negative Increased/Positive *Low
10 Ist .74 1.42 —.40 | Increased/Positive Declined/Negative Low
11 Rir -.01 21 .30 Increased/Positive Increased/Positive Good
12 Igb .04 .94 27 Increased/Positive Declined/Negative Low
13 Nur -.63 -.17 .07 Increased/Positive Increased/Positive Good
14 Ram .07 .18 .04 Increased/Positive Declined/Negative Low
15 Put -.81 -.56 -.53 | Increased/Positive Increased/Positive Low
16 Asa -1.29 | -30 -.09 | Increased/Positive Increased/Positive Good
17 Fat 24 -.01 -.35 | Increased/Positive Increased/Positive *Low
18 Suf -91 -25 -.09 | Increased/Positive Declined/Negative Low
19 Yun -35 -22 -.87 | Increased/Positive Declined/Negative Low
20 Ang -.81 -27 —.40 | Increased/Positive Declined/Negative Low
21 Tas 18 .24 .63 Increased/Positive Increased/Positive Good
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22 Sel -.40 -.38 .52 Increased/Positive Increased/Positive Good
23 Alv .02 .52 .63 Increased/Positive Declined/Negative Low
24 Els -.50 27 .63 Increased/Positive Increased/Positive Low
25 Pir -74 -.50 —-20 | Increased/Positive Increased/Positive Good
26 Zei -.56 -.17 -.17 | Increased/Positive Increased/Positive Good
27 Saf -.27 -.33 -.17 | Declined/Negative Increased/Positive *Low
28 Yah -.58 -.53 .02 Increased/Positive Increased/Positive Good
29 Mif -.68 -.27 —.33 | Increased/Positive Declined/Negative Low
30 Feb -.59 -.13 —-.45 | Increased/Positive Declined/Negative Low
31 Pua -.36 21 .13 Increased/Positive Declined/Negative Low

Note: * = Anomalous changes.
SSR Quality of Change

The quality of change in SSR reflects the meaningfulness of the learning gains resulting from
the intervention. Such a quality is determined by the assessment of the nature of change
postintervention, which is connected to postretention, with the following pattern of change.
First, the change is considered positive if the nature of change postintervention and
postretention is considered positive. Second, the change is rated as low quality if: (1) the
nature of postintervention change was positive and postretention was negative, or (2) the
nature of postintervention change was negative and postretention was positive, and (3) the
nature of postintervention change was negative and postretention was negative. Table 4
shows that only 29 percent or 9 students (8, 11, 13, 16, 21, 22, 25, 26, and 28) experienced
changes with good quality. Most of the students (71%) tended to experience low-quality
changes, four of which were detected to experience anomalous changes (6, 9, 17, and 27).
These anomalous changes were identified based on the negative pattern of SSR changes, the
second and third types of changes. That is, in the postintervention condition, students’ SSR
changed to negative (T2 < T1), but in the postretention condition, it changed to positive (T2
>T3), and or negative (T2 < T3). For example, the anomalous changes experienced by students
were 6,9, 17, and 27.

Relative anomalous changes are not the desired SSR changes. The term “anomalous”
describes very distinctive/specific conditions of change that arise outside the influence of the
intervention. Figure 2 illustrates a comparison of the size of the T1, T2, and T3 measures of
students, who experienced positive, negative, and anomalous changes. Student 8 (Fat) was a
positive change, as the item logit measure T1(-.01) < T2(.13) < T3(.56). However, student 1
(Jal) is a negative change, as the item logit measure T1(.24) < T2(.56) > T3(-.38). The change
in the logit measure of T3, which is lower than T2 is what causes the quality of change of
student 1(Jal) to be negative, but not an anomalous change. This is not the case with the next
four students. Student 6 (Reg)’s logit measure: T1(.21) > T2(-.56) < T3(.8), student 9 (Mus):
T1(.59) > T2(-.01) < T3(.56), and student 27 (Sal): T1(-.27) > T2(-.33) < T3(-.17) tend to have
the same pattern, where the logit measure in condition T1 > T2 and in condition T2 < T3.
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The T1 > T2 condition reflects that the intervention does not affect change, while the T2 < T3
condition reflects an increase in the logit size of T2. This increase tends not to align with the
achievement of change as a result of learning and is anomalous. A different case of change
occurred for student 17 (Fat): T1(.24) > T2(-.01) > T3(-.35). The logit measure in condition
T1> T2, and in condition T2 < T3. This means that 17 (Fat) tended not to change due to the
intervention and even became lower than before the intervention. This is also an anomalous
fact that deviates from the learning objectives.

* oT1
0.8 ® ®T2
HE D Y e ®T3
0.4
E 0.2 ® @ @
: ®
g 0 ® D @
=
-0.2 @
04 ® ® ®
-0.6 .
-0.8
8 (Fad) 1(Jal) 17(Fat) 6(Reg) 9(Mus) 27(sal)

Figure 2: Comparison Graph of SSR Change Patterns of Students Who Are Positive, Negative, and Anomalous
Discussion

Why does the negative and anomalous nature of change occur? This may be due to several
factors. First, some students responded differently during the intervention, especially those
bored with learning. This psychological factor tends to encourage careless responses and even
inhibit their reasoning (Zeidler et al. 2013), making it difficult to build a framework of
scientific reasoning and explanation (Rodriguez et al. 2020; Zhai 2022). Second, due to
adaptability difficulties, students have difficulty developing their reasoning, and therefore,
the frequency of their epistemic engagement in learning is relatively limited (Ryder and
Leach 1999). Third, students have difficulty using their declarative science knowledge as a
whole (Hancock et al. 2019; Zvoch et al. 2019), thus losing the opportunity to epistemically
interpret their learning events (Ryder and Leach 1999). As a result, the level of mastery,
accuracy of performance, flexibility of thinking, level of transfer, and retention of learning
(Degeng 1999; Reigeluth 1992) tend to weaken, and changes in SSR tend to be volatile and
relatively inconsistent.
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Fourth, inconsistencies are also caused by students’ weak literacy. It is possible that their
weak understanding of the content causes them to have difficulty building ideas and problem-
solving solutions, or in other words, they have not been able to establish the relevance of
content and problem-solving practices (Roberts and Bybee 2014). Despite the SSI-based
intervention, students tend to have difficulty developing their scientific knowledge ideas from
time to time (Kinslow et al. 2018). Therefore, corrections and refinements to the intervention
design are needed, especially in setting conditions that can facilitate students to build epistemic
meaning to what they learn (Dillon et al. 2016; Kinslow et al. 2018; Rickinson et al. 2004).

Fifth, inconsistency is also influenced by students’ weak knowledge domain. This
domain can be in the form of science and nonscience knowledge. Science knowledge is
needed to provide general and specific information related to epistemology and scientific
literacy, while nonscience knowledge provides SSI information from a sociocultural, moral,
and value perspective (Kutluca 2021; Owens et al. 2022; Romine et al. 2017). If the knowledge
domain is weak, they may have difficulty understanding the problem being studied and
justifying problem-solving (Irmak 2020; Owens et al. 2022). In this research, students’ weak
functional scientific literacy can be caused by the vulnerability of students’ specific
knowledge domain related to environmental chemistry content. Therefore, they tend to have
difficulty building their SSR.

SSR, as a measure of socioscientific reasoning, depends heavily on students’ ability to
integrate scientific content knowledge with reasoning skills that address societal issues
(Sadler et al. 2007). The anomalies observed in this study may have stemmed from differences
in students’ baseline knowledge levels, with those possessing a stronger foundation in
chemistry, demonstrating more consistent SSR development than their peers. Additionally,
external influences not accounted for in the study, such as students’ prior exposure to
socioscientific discussions or their socio-economic backgrounds, could have impacted their
ability to engage with the intervention effectively.

Furthermore, the differences in student responses could reflect varying degrees of
cognitive load experienced during the intervention. Students with lower baseline knowledge
may have been overwhelmed by the complexity of the socioscientific issues presented,
resulting in more erratic or inconsistent reasoning. On the other hand, students with stronger
preexisting knowledge may have found the tasks more manageable, leading to more stable
and consistent performance. Future studies could benefit from a more nuanced examination
of these baseline differences, incorporating pre-tests or more detailed assessments of prior
knowledge to better understand how starting points influence SSR outcomes.

Finally, external factors such as classroom dynamics, peer interactions, or even external
distractions may have played a role in shaping student responses. These influences, though
not controlled for in the study, can create variability in student engagement and cognitive
performance, further contributing to the anomalies observed in SSR development. Future
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research could incorporate more controlled environments or include measures to account for
these external influences, providing a clearer understanding of the factors driving
inconsistencies in SSR outcomes.

Conclusion

The important findings of this study can show inconsistent changes in students” SSR due to the
relatively weak quality of SSR. In addition, it can detail the anomalous changes of students. This
is the information that only MFRM-based stacking analysis techniques can provide. Stacking
techniques provide information on “who changed” and “what changed” (Barkaoui 2019; Ling
etal. 2018; Wright 2003), allowing researchers to detail the nature and quality of change affected
by the implementation of an intervention (Laliyo et al. 2022; Pentecost and Barbera 2013;
Wright 2003). Although the data generated from the measurement of this research instrument
is not rich enough, the potential power of MFRM analysis can explain in detail the changes in
SSR down to the student and item level. This is some empirical evidence, as well as showing
the superiority and uniqueness of applying the MFRM stacking technique. In addition, this
technique can detail how item difficulty changes at T1, T2, and T3 in relation to the content of
the skills being measured (Boone and Staver 2020; Pentecost and Barbera 2013; Vorholzer et al.
2020; Zhai 2022), which will be explained in a different article.

In the context of this research, students’ relatively weak functional scientific literacy tends
to be acceptable for two reasons. First, the science education curriculum has not been
designed to be SSI-based. This means that readiness is needed for future curriculum
adjustments so that the epistemological framework of reasoning of students in Indonesia can
be formed in primary and secondary education. Second, although currently improving
scientific literacy has been established as a key competency in the curriculum (Rahayu 2017),
it must be complemented by improving students’ functional scientific literacy in two
scientific visions. Vision I focuses on understanding and developing scientific knowledge in
various ways for scientific purposes and taking into account the progress of scientific
endeavors. Vision II also uses science concepts and practices but focuses on role and decision-
making that encompasses multiple knowledge domains together with science knowledge and
informs understanding of and responses to societal issues (Roberts and Bybee 2014). Learning
efforts that ignore SSIs integration and the social reasoning dimension will ultimately lead
to failure (Owens et al. 2022). In contrast, such efforts will result in a strong argument that
Vision II literacy is more functional than Vision I, and SSI serves as a meaningful context for
its development (Roberts and Bybee 2014). One means of exploring what students gain, when
they engage in socioscientific solution-based learning is SSR (Sadler et al. 2007).

The insights from this study have broad implications for educators across various
subjects, not just in environmental chemistry. Teachers can integrate SSI into their

curriculum by encouraging students to explore socioscientific issues relevant to their
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everyday lives, promoting higher-order thinking and decision-making. For instance, in
biology lessons, students could investigate ethical debates about genetic engineering or
sustainability in agriculture. In physics, teachers could present scenarios related to energy
consumption and environmental impacts. Through such approaches, students engage with
real-world problems, developing SSR skills in diverse contexts.

Operationalizing these changes at different educational levels requires a strategic
approach. At the primary level, SSI-based tasks could involve discussions on simple local
issues such as water conservation, with students working together to find solutions,
promoting SSR from an early age. At the secondary level, more complex issues such as climate
change or renewable energy technologies could be explored, fostering critical analysis and
decision-making. Higher education, particularly in STEM fields, could focus on case studies
that require students to apply both scientific knowledge and ethical reasoning to global
challenges like the COVID-19 pandemic or technological advancements in healthcare.

Institutional constraints, such as varying resources or teacher training, may pose
challenges, but solutions are available. In under-resourced schools, for example, online
platforms and open-source materials can provide access to case studies and discussions on SSI
topics. Furthermore, professional development programs for educators can ensure teachers
are equipped to integrate SSI and assess SSR in their classrooms effectively. Workshops and
collaborative learning models can be introduced to help teachers develop SSI-based lesson
plans that align with the curriculum while enhancing students’ SSR abilities.

By applying these strategies, educators across various levels and institutions can
strengthen students’ functional scientific literacy, ensuring that they are well prepared to

tackle complex societal challenges through informed reasoning and decision-making.
Recommendations

The study’s limitations prompt several recommendations for future research. Firstly, to address
the constraint of small sample size, subsequent studies should prioritize expanding the
participant pool. This expansion could involve recruiting students from a broader range of
educational institutions across Indonesia to ensure greater diversity and representation within
the sample. Similarly, efforts should be made to involve a more varied group of raters in SSR
assessment. Diversifying the pool of raters by including individuals from different demographic
backgrounds and with varying levels of expertise in chemistry education can enhance the
objectivity and comprehensiveness of the evaluation process. Additionally, future research
should incorporate measurements of students’ mastery of environmental chemistry content to
better understand the influence of content knowledge on SSR development. By assessing
students’ proficiency in this area, researchers can gain insights into the relationship between
content mastery and SSR abilities. Furthermore, exploring the interaction effects between
demographic differences among raters and students and SSR assessment outcomes can provide
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valuable insights into potential sources of bias and variation in assessment results. Investigating
these interaction effects can inform the refinement of assessment methodologies, ensuring

more accurate and equitable evaluations of SSR in future studies.
Limitations

The study faces two primary limitations. Firstly, the sample size of thirty-one students is
notably small when considering the entirety of chemistry education students in Indonesia.
Additionally, the involvement of only five raters further amplifies concerns regarding the
generalizability of the findings. This restricted sample size raises questions about the
representativeness of the sample and the breadth of perspectives captured in the assessment
process. Secondly, the study’s reliance on a limited number of raters poses another limitation.
This constraint may introduce bias and hinder the robustness of the assessment process. The
lack of diversity among raters, both in terms of demographics and academic backgrounds,
could compromise the objectivity and reliability of the SSR evaluation. These limitations
highlight the need for future research to address these constraints by involving larger and
more diverse samples of both students and raters, thereby enhancing the validity and
reliability of the study’s findings.
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