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Abstract

Digital literacy is essential for scientific literacy in a digital world. Although the
NGSS Practices include many activities that require digital literacy, most studies
have examined digital literacy from a generic perspective rather than a curricular
context. This study aimed to develop a self-report tool to measure elements of digi-
tal literacy among middle and high school students in the context of science prac-
tice. Using Messick’s validity framework, Rasch analysis was conducted to ensure
the tool’s validity. Initial items were developed from the NGSS, KSES, and other
countries’ curricula and related research literature. The final 38 items were expertly
reviewed by scientists and applied to 1194 students for statistical analysis. The
results indicated that the tool could be divided into five dimensions of digital literacy
in the context of science practice: collecting and recording data, analyzing and inter-
preting (statistics), analyzing and interpreting (tools), generating conclusions, and
sharing and presenting. Item fit and reliability were analyzed. The study found that
most items did not show significant gender or school level differences, but scores
increased with grade level. Boys tended to perform better than girls, and this differ-
ence did not change with grade level. Analysis and Interpretation (Tools) showed
the largest differences across school levels. The developed measurement tool sug-
gests that digital literacy in the context of science practice is distinct from generic
digital literacy, requiring a multi-contextual approach to teaching. Furthermore, the
gender gap was evident in all areas and did not decrease with higher school levels,
particularly in STEM-related items like math and computational languages, indicat-
ing a need for focused education for girls. The tool developed in this study can serve
as a baseline for teachers to identify students’ levels and for students to set learning
goals. It provides information on how digital literacy can be taught within a curricu-
lar context.
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1 Introduction

Fostering scientific literacy is one of the most important goals of science educa-
tion, and scientific literacy has been defined in various ways. Scientific literacy
is sometimes described as the ability to use evidence and data to evaluate the
quality of scientific information and claims presented by scientists and the media
(NRC, 1996), or as the ability to understand and make decisions about changes
in the world by drawing evidence-based conclusions using scientific knowledge
(AAAS, 1993). The Next Generation Science Standards (NGSS), which can be
considered a representative guideline for the direction of science education in the
United States, also mentions scientific literacy in terms of students’ understand-
ing of scientific concepts, evaluation of scientific claims based on evidence, and
participation in scientific practices (NRC, 2013). In this way, scientific literacy is
the most fundamental competency for understanding the world and for continu-
ous scientific engagement. In this context, digital literacy is essential for fostering
scientific literacy in the digital world (Demirbag & Bahcivan, 2021; Mason et al.,
2010; Walraven et al., 2009).

Korean science education research also emphasizes digital literacy in the con-
text of scientific practices. The Korean Science Education Standards (KSES)
divides scientific literacy into three dimensions: competences dimension, knowl-
edge dimension, and participation & action dimension. Among these, the com-
petences dimension includes scientific inquiry ability, scientific thinking ability,
communication and collaboration ability, information processing and decision-
making ability, and lifelong learning ability in a hyper-connected society (MOE
et al. 2019). These five areas encompass both the skills traditionally emphasized
in science education and those anticipated to be necessary in the future society
characterized by the digital revolution. For instance, within the scientific inquiry
ability, there are skills such as data transformation, engineering design and crea-
tion, and explanation generation and argumentation. Additionally, scientific
thinking ability includes mathematical and computational thinking, while com-
munication and collaboration ability includes the ability to express ideas. The
“information processing and decision-making ability’ within the competences
dimension involves the ability to search for, select, produce, and evaluate infor-
mation and data. The emphasis on the importance of digital literacy and its inte-
gration with subject education can also be found in the curricula of various coun-
tries such as Singapore and Europe, as well as in reports from organizations like
the OECD (Ei & Soon, 2021; Erstad et al., 2021; Polizzi, 2020).

The trend of science education reform is calling for changes in the relationship
between scientific knowledge and scientific methods in science learning (Kawa-
saki & Sandoval, 2020). First, when students handle actual data, learning experi-
ences related to data utilization skills can occur, ultimately aiming to cultivate
scientific thinking and problem-solving abilities. The actual data used by students
can take various forms, such as data collected by students in inquiry projects,
searches in online data repositories, illustrations and tables in textbooks, or sci-
entific publications (Hug & McNeill, 2008; Kerlin et al., 2010). Students need to
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select appropriate data from these sources, classify it according to their objec-
tives, and develop skills in collecting, storing, representing, and sharing data. In
this process, they should be able to engage in activities such as data analysis and
interpretation, utilizing mathematical and computational thinking, and participat-
ing in evidence-based arguments (NGSS Lead States, 2013; NRC, 2013).

Additionally, basic computational thinking is necessary to understand and solve
socio-scientific issues related to real life. This requires the ability to use algorith-
mic thinking, data analysis and representation for modeling thinking, and simulation
tools (Rodriguez-Becerra et al., 2020). The importance of computers in scientific
inquiry has grown due to advancements in artificial intelligence, software platforms,
and sensors. While there have been limitations in science education due to the lack
of various data sets, the proliferation of sensors has made personalized data collec-
tion possible, facilitating the collection of data relevant to scientific inquiry contexts.
Furthermore, the establishment of platforms for data sharing and environments that
facilitate data analysis and visualization have made computer and digital-based sci-
entific inquiry representative activities of scientific practice.

Digital literacy refers not only to the basic skills related to using digital devices
but also to the complex skills that support learners by enhancing learning outcomes
in digital environments. These skills include cognitive, social, and emotional skills
(Eshet-Alkalai & Soffer, 2012). The meaning of digital literacy has expanded to
include communication and content production using information and communi-
cation technology (ICT) (Mason et al., 2018), information retrieval and processing
through new technologies (Siddiq et al., 2016), and communication with communi-
ties (da Silva & Heaton, 2017). Various countries and research organizations have
presented diverse aspects of data literacy, which commonly include three main ele-
ments: 1) information and data, 2) communication and collaboration, and 3) techni-
cal skills (Bravo et al., 2021). These three elements commonly included in digital
literacy largely overlap with the components of scientific literacy, indicating that
digital literacy can be integrated with subject-specific digital competence education
(Kotzebue et al., 2021).

Based on the relationship between these two literacies, many scholars have con-
tinued efforts to understand scientific literacy through digital literacy (Bliss, 2019;
Da Silva & Heaton, 2017; Holincheck et al., 2022; Mardiani et al., 2024). They have
introduced terms such as digital scientific literacy (Holincheck et al., 2022), aimed
to develop critical evaluation skills for digital scientific materials (Bliss, 2019;
Holincheck et al., 2022), engaged in inquiry activities using digital scientific mate-
rials (Mardiani et al., 2024), and examined the impact of information or data shar-
ing—a component of digital literacy—on students’ construction of scientific knowl-
edge (Dewi et al., 2021; Mardiani et al., 2024). However, the evaluation tools used
to assess the effectiveness of education have mostly focused on separately verifying
digital literacy and subject content. Given that digital literacy includes both generic
and subject-specific aspects (D-EDK, 2014; Kotzebue et al., 2021), most measure-
ments have emphasized the generic part of digital literacy.

Studies aimed at developing digital literacy assessment tools have also empha-
sized the cross-curricular aspects of digital literacy, often constructing items in
the form of exam questions (ACARA, 2018; Chetty et al., 2018; Covello & Lei,
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2010; Jin et al., 2020), which makes it difficult for students to develop metacognitive
understanding of the level of digital literacy they need to attain. Additionally, most
tools are designed for use at a specific school level or age group (Cote & Milliner,
2016; Jin et al., 2020; Oh et al., 2021), making it challenging to longitudinally track
changes in students’ literacy levels.

Another aspect of this study is the evaluation tools for scientific literacy (or
skills), which face challenges in finding forms that are applicable in the digital age.
While traditional scientific literacy competencies have emphasized data analysis,
representation, and sharing, there are difficulties in adapting these tools for the digi-
tal era. For instance, in the study by Gormally et al. (2012) on developing scientific
literacy assessment tools, it is noted that students should have the basic scientific
literacy to approach scientific phenomena quantitatively and possess various skills
to apply this to problem-solving in everyday life (NRC, 2003). However, traditional
tools derived from scientific inquiry and scientific methods carry inherent limita-
tions. These tools often fail to accurately explain what is important in science, seem
to perform inquiries only to explain theories (Osborne, 2014), and do not focus on
activities (Ford, 2015). Consequently, to solve everyday problems in the digital
world, there is a need for a new term that can encompass a broader meaning and
have a sustained and widespread impact on our lives (Da Silva & Heaton, 2017).

Thus, the term ’Practice’ is being used in place of scientific method or inquiry
to represent the educational goal of teaching students how to reason and act scien-
tifically in an integrated digital world (Osborne, 2014; Ford, 2015). Based on this
discussion, we aim to develop a self-report measurement tool that can be utilized in
classrooms, grounded in the important elements of digital literacy within the context
of scientific practice. The specific research questions of this study are as follows:

RQ1. What is the content validity of the digital literacy assessment tool in the
context of scientific practice?

RQ2. What validity evidence is identified in the statistical tests using evaluation
data for the digital literacy assessment tool in the context of scientific practice?
RQ3. Are there significant gender and school level differences in the scores of the
digital literacy assessment tool in the context of scientific practice?

2 Research method

The central research question of this study is to develop a digital literacy assessment
tool based on strong validity evidence. Our RQ1 concerns the content validity of the
developed assessment tool. Additionally, RQ2 involves collecting validity evidence
through statistical methods using actual student data. Furthermore, RQ3 is a study
on the application of the developed assessment tool. To verify the validity of the
assessment tool developed in this study, Messick’s (1995) validity framework was
used. Messick (1995) defined validity as "an integrated judgment of the degree to
which theoretical and empirical evidence supports the adequacy and appropriate-
ness of interpretations and actions based on test scores." He proposed six aspects of
validity: content, substantive, structural, generalizability, external, and consequential
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(Messick, 1995). In this study, among Messick’s six validity frames, content-based
validity and substantive validity were verified using qualitative methods through the
evaluation of scientists and the analysis of the student survey process during the item
development process. The sections ’Initial Development through Literature Review’
and ’Completion through Surveys with Scientists’ pertain to content validity and
correspond to RQ1. Subsequently, the sections "Participants, Data Collection, and
Analysis’ correspond to RQ2 and RQ3.

2.1 Initial development through literature review

This study develops self-report items that measure digital literacy related to the sci-
entific practice process. The goal is to present the functional objectives of digital-
related scientific inquiry and develop items to identify the current level of students.
Since this study defines the necessary skills for middle and high school students
according to the ’inquiry process,’ it uses the ’science and engineering practices
standards’ from NGSS and Korea’s KSES as the basic framework. Additionally, it
incorporates the difficulties and required student skills identified in various stud-
ies that combine scientific inquiry contexts with digital literacy. The digital-related
inquiry process centers on activities beginning with data collection and analysis, fol-
lowed by constructing and sharing conclusions. Ultimately, the items were devel-
oped in a four-stage structure: data collection, data analysis, drawing conclusions,
and sharing. To emphasize the social practice of science learning in the digital age,
the process of sharing was included, replacing the term ’communication’ from
NGSS’s Practice with ’sharing (communication)’ to reflect the importance of infor-
mation sharing in the digital era (Elliott & McKaughan, 2014).

When examining the eight practices of the NGSS in the United States, terms
that did not appear in the general scientific inquiry process are directly mentioned
(NRC, 2013). Terms such as “Developing and using models,” “Using mathematics
and computational thinking,” and “Constructing explanations and designing solu-
tions” highlight the need to focus on these functions in scientific inquiry as science,
engineering, and technology become increasingly integrated. Similarly, South Korea
has developed and announced science education standards for future generations
from 2014 to 2019. The KSES includes not only traditional scientific competencies
and skills but also those anticipated to be necessary in a future society character-
ized by the digital revolution (Song et al., 2019). Additionally, the data literacy pre-
sented in the OECD 2030 report served as an important basis for item development
(OECD, 2019). Many countries have recently set data literacy and digital literacy
as goals within their educational curricula, and related research has been utilized in
item development (Ei & Soon, 2021; Erstad et al., 2021; Polizzi, 2020). Therefore,
by referencing research articles on scientific inquiry published between 2018 and
2022 that implemented programs related to cultivating competencies in data literacy
or digital literacy or presented specific inquiry processes, the necessary skills were
added (Aksit & Wiebe, 2020; Arastoopour Irgens et al., 2020; Chen et al., 2022;
Clark et al., 2019; Gibson & Mourad, 2018; Kjelvik & Schultheis, 2019; Lichti
et al., 2021; Son et al., 2018; Tsybulsky & Sinai, 2022; Wolff et al., 2019).
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The tool developed in this study is a self-report measurement tool. Self-report
tools in competency assessment can have limitations due to biases such as over-
confidence (Moore & Healy, 2008). However, this tool is not intended to quantify
abilities but rather to be used for learning assessments, allowing students to evalu-
ate their own state and goals and reflect metacognitively. Our goal is for the devel-
oped assessment tool to be widely used in digital-based science classes conducted in
schools. Therefore, the assessment tool was developed to include a Likert scale for
self-reporting. Through this tool, students can evaluate their practical competencies
in reflecting on themselves, as well as acquiring skills and knowledge (Demirbag &
Bahg¢ivan, 2021). It is about identifying their position in the learning goal achieve-
ment process and their ability to investigate and integrate additional information
(Braten et al., 2011). A self-report assessment tool can help students identify their
current position and independently set future learning goals.

2.2 Completion through surveys with scientists

The 48 items completed through the literature review were sent to seven scientists
researching advanced digital-based scientific fields to confirm the content validity
of the items. Digital literacy in science is an essential scientific inquiry skill for stu-
dents who will live in future societies and a necessary inquiry skill for high school
students who plan to advance to STEM universities. However, as science and tech-
nology rapidly develop, the content and methods of education change accordingly,
creating a time lag between the development of science and the development of sci-
ence education. Therefore, to bridge this gap, it is necessary to review the opinions
of scientists currently conducting research in relevant fields. A total of seven scien-
tists reviewed these items, each with more than 10 years of research experience and
actively engaged in recent research activities (see Table 1). The scientists confirmed
the content validity of each item and, when modifications were necessary, described
the reasons and directions for the revisions.

After undergoing content validity evaluation, the final 48 items were adminis-
tered to 43 middle school students to verify substantive aspect of construct validity.
This process aimed to confirm whether students could understand the content of the
items and respond as intended. It was checked if the terms were appropriate for the stu-
dents’ cognitive level and whether the questions were understood as intended. During

Table 1 Information on the

. . Number Research Area Research Experience ~ Gender
science expert who reviewed the
content validity 1 Bio Science 10-20 years Female
2 Computer Science Over 20 years Male
3 Astronomy 10-20 years Male
4 Electrical Engineering ~ Over 20 years Male
5 Life Science Over 20 years Female
6 Nano Science Over 20 years Male
7 Optics Over 20 years Male

@ Springer



Education and Information Technologies

this process, some students had difficulty interpreting certain items, so examples were
added, or the items were revised into language easier for students to understand. The
survey took approximately 30 min, and it was confirmed that students were able to
focus better on the survey when guided by a supervising teacher. The final revised
items were confirmed, and a large amount of data was collected from middle and high
school students for statistical validity verification.

2.3 Participants, data collection and analysis

To verify statistical validity, the finalized items were administered to over a thousand
students. A total of 1,194 students participated, including 651 middle school students
and 543 high school students. The survey was conducted in five schools: one middle
school and one high school located in a major city, and one middle school and two high
schools located in a small city. Regarding the gender of the participants, there were
537 male students (331 middle school students) and 657 female students (320 middle
school students). To minimize data bias related to educational level and gender, partici-
pants were recruited considering various regions and a balanced gender ratio. This study
involved minors as vulnerable participants, and the entire process was conducted with
approval from the IRB of the relevant research institution before the study commenced.

Using data from over a thousand students, statistical tests were conducted to confirm
item fit, reliability, differential item functioning, criterion-related validity, and structural
validity. The statistical tests were performed using item response theory-based analyses,
such as Rasch analysis, suitable for Messick’s validity framework (Wolfe & Smith, 2007).
In the Rasch analysis, item fit was checked using Infit MNSQ and Outfit MNSQ, with
the criterion value set between 0.5 and 1.5 (Boone et al., 2014). Person reliability and
item reliability were verified using Rasch analysis. To confirm construct validity based on
internal structure, dimensionality was tested in Rasch analysis to satisfy unidimensional-
ity (Boone et al., 2014). For external validity, five additional self-report items measuring
core competencies in Korean science subjects were included in the field test alongside
the developed items. These self-report items for measuring core competencies in science
subjects had been previously field-tested on more than 2000 Korean adolescents and were
known for their high validity and reliability (Ha et al., 2018). Additionally, since these
core competency items included some scientific inquiry skills such as information pro-
cessing, data transformation, and analysis, they were appropriate for securing external
validity. Lastly, group score comparisons were conducted to identify any gender or school
level differences in the scores of the developed tool. Rasch analysis was performed using
Winsteps 4.1.0, and all other statistics were analyzed using SPSS 26.

3 Research results
3.1 RQ1: Content validity of items as judged by scientists
These are the results of the scientist evaluation to verify the internal validity of

the developed items. The scientists agreed that, while science inquiry education in
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schools is generally well-conducted, there is a need for changes in its approach. The
scientists reviewed the items and assessed the content validity regarding whether
each skill was necessary for middle and high school students. We analyzed the Con-
tent Validity Index (CVI) using their evaluations. The acceptability of the CVI value
depends on the number of panelists; since there were seven scientists in this study,
a CVI of 0.83 or higher is required for acceptability (Lynn, 1986). Most items had
values of 0.86 or higher, but a few items had lower values. The seven items out of
the total 48 that did not meet the acceptable range are as follows (Table 2).

Generally, the items included in the analysis and interpretation process had lower
content validity, whereas items related to data collection, recording, drawing conclu-
sions, and sharing processes had overall high content validity. Analyzing the items
with low content validity reveals two main points. First, students showed negative
opinions regarding expressing scientific discovery results using mathematical mod-
els or formulas. Second, while understanding and utilizing pre-developed or pre-
written computer programs or code is considered a necessary skill, students did
not see the need for a deep understanding required to develop or debug programs
themselves.

The scientists mentioned that the reason they did not consider these functions
important is that there should be a distinction between students who will major in
science in university and those who need general scientific literacy. They thought
it unnecessary to practice creating mathematical models in general science educa-
tion, as it might not be important or possible depending on the type of scientific
inquiry. Furthermore, they were concerned that overly generalizing results to fit into
mathematical models at the students’ level of mathematics might lead to miscon-
ceptions. Regarding learning computer programming skills, they were apprehensive
about the potential focus on programming languages themselves. Since program-
ming languages and software continually evolve, they believed there was no need to
become familiar with the grammar of computer languages. Instead, they emphasized
the importance of analyzing how to process problems and predicting the outcomes
of those processes. Based on expert review, six items deemed more appropriate for
university-level science majors were deleted from the study. Additionally, four items
with overlapping content were combined into more comprehensive questions, result-
ing in a final set of 38 items.

Table 2 Items rated low in content validity by science experts

Construct Items CVI

Analysis and interpretation I know what to do when an error occurs in the software used for data 0.71
analysis

I can find patterns in complex results using computer software 0.71
I can use programs like Excel or Scratch to measure and analyze data 0.57
I can use programs like Python to measure and analyze data 0.57

I can use various programs like Matlab, Python, and Excel to meas-  0.57
ure data and predict unexpected values

Conclusion generation I can interpret data and create logical arguments based on it 0.71
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3.2 RQ2:Validity evaluation based on statistics

The final set of items was administered to 1,199 students, and the collected data was
analyzed to verify validity through various methods. The first analysis conducted
was dimensionality analysis. We categorized the digital competencies in the context
of scientific practice into four dimensions: data collection and recording, analysis
and interpretation, conclusion generation, and sharing and presentation. We com-
posed various items for each factor. Each item was intended to contribute to meas-
uring its respective construct, and each factor was assumed to be unidimensional.
If multiple items for a specific construct do not assume unidimensionality and are
instead divided into multiple components internally, they are not valid from a meas-
urement perspective.

We performed PCA analysis using residuals from Rasch analysis for this evalu-
ation (Table 3). If there are consistent patterns in the parts of the data that do not
align with the Rasch measurement values, it suggests the presence of an unexpected
dimension. According to Bond et al. (2020), if the Eigenvalue of the unexplained
variance exceeds 2, there is a possibility of another dimension, while if it is below
2, the construct can be assumed to be unidimensional. As shown in Table 3, the first
unexplained variance for data collection and recording, conclusion generation, and
sharing and presentation does not exceed 2. However, for the analysis and interpre-
tation items, the first unexplained variance is 2.555, which significantly exceeds 2.
We further conducted an exploratory factor analysis for this construct and found that
splitting it into two dimensions—items 1 to 8 and items 9 to 12—meets the unidi-
mensionality assumption. Upon close examination, we discovered that items 1 to 8
pertain to the analysis and interpretation of statistical data and graphs, while items
9 to 12 pertain to the use of analytical tools, indicating a difference in content (see
Appendix). Therefore, we concluded that it is more valid to separate this part into
two dimensions. Consequently, the valid use of this assessment tool is determined to
be the analysis of five categories: data collection and recording, analysis and inter-
pretation 1 (statistics), analysis and interpretation 2 (analytical tools), conclusion
generation, and sharing and presentation.

Item fit refers to information about whether there are any unusual respond-
ent reactions to specific items. For example, if a significantly higher number

Table 3 Results of dimensionality analysis using principal component analysis of the Rasch model

Raw variance explained by Raw unexplained variance in

Measures Persons Items Istcontrast 2nd contrast 3rd contrast

Data collection and recording 10.286 6.791  3.494 1.581 1.394 1.277
Analysis and interpretation  All  12.466 7.873  4.593 2.555 1.415 1.217
1-8 10.364 7795 2569 1.623 1.238
9-12 6.512 5213 1.299 1.541 1.284 1.178
Conclusion generation 13.830 11.564 2266 1.434 1.258 1.235
Sharing and presentation 11.471 9.287  2.184 1.498 1.413 1.208
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of respondents agree or disagree with a particular item compared to other items,
the item fit decreases. In Rasch analysis, item fit is checked using Mean Square
(MNSQ). Rasch analysis also allows for checking various types of reliability. Person
reliability (PR) checks how reliably items measure the respondent’s abilities, while
item reliability (IR) checks how appropriate the respondent’s abilities are for verify-
ing the quality of the items. Additionally, internal consistency reliability is verified
using Cronbach’s alpha (CA). To see if a specific item supports or hinders the inter-
nal consistency of the construct, the Cronbach alpha if the item is deleted (Alpha if
item deleted, AIC) is also checked. We recorded all these results in a single table.
The comprehensive information in the table reveals the following (Table 4).

Overall, all items have adequate fit. The person reliability and item reliability
identified in the Rasch analysis both exceeded or approached 0.8 or 0.9, indicating
very high reliability. The internal consistency reliability of the items also exceeded
0.8, showing excellent reliability. Additionally, no items were found to significantly
affect internal consistency reliability. Based on item fit and reliability information,
we can conclude that there are no particular issues that need to be addressed in the
developed items.

The following validity evidence pertains to generalizability validity (Table 5).
Using the measurement values related to digital competence, score comparisons
were conducted across various groups such as gender and grade levels. The prem-
ise for comparing scores between groups is that the measurement tool functions
equally across different groups. Evidence regarding generalizability validity can be
confirmed through differential item functioning (DIF) analysis. In Rasch analysis,
DIF is checked using the difference in DIF values (DIF C), Rasch-Welch t-test, and
Mantel chi-square test. The table presents DIF C (DIF contrast), the significance of
the Rasch-Welch t-test (RW p), and the significance of the Mantel chi-square test
MC p).

Regarding the interpretation of DIF differences, a value between 0.43 and 0.64
indicates a moderate level of DIF difference, while a value exceeding 0.64 indicates
a large DIF difference (Zwick et al., 1999). Although there were no items exceeding
0.64, one item showed a DIF difference exceeding 0.43 for gender, and one item
showed a similar difference for grade levels. When using the significance values of
the Rasch-Welch t-test and Mantel chi-square test, more items were found to have
a p-value of 0.00. For gender, five items showed a p-value of 0.00, and for grade
levels, about eight items showed similar results. We concluded that some items in
the digital competence tool exhibit differential item functioning. This may be due to
the inconsistent application of various elements within the items across groups. For
example, the ability to understand graphs and tables in item 7 of the analysis and
interpretation section showed DIF for both gender and grade level, indicating that
this item functions differently across these groups. Nonetheless, considering that the
overall DIF differences are not large and that experiences related to digital compe-
tence may vary significantly by gender and grade level, it can be interpreted that no
severe DIF was found in the items.

We also examined criterion-related validity. The scores for science-related digi-
tal competence are closely related to core science competencies and interest in sci-
ence or information and computer subjects (Table 6). Therefore, the scores of our
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Table 4 Item fit and reliability using Rasch analysis and internal consistency reliability (Cronbach alpha)

Item  Mea- Infit Outfit AIC

sure

MNSQ ZSTD MNSQ ZSTD

Data collection and recording 1 -0.22 1.04 0.86 1.03 0.63 091
PR: 0.88 2 -0.34 1.24 528 1.22 478 091
IR: 0.98 3 0.13 0.77 574 0.78 5.37 091
CA: 0.92 e ’ ~ ) e )
4 0.71 1.32 690 1.34 7.23 0.92
5 -0.16 1.17 3.74 1.15 329 091
6 -0.31 0.75 -6.43  0.75 -6.34 091
7 0.30 0.78 -544 079 -525 091
8 0.06 1.09 1.97 1.09 2.13 091
9 0.23 0.89 -2.55 091 -2.18 091
10 -0.14 0.87 -3.08 0.87 -3.08 0091
Analysis and interpretation 1 (statistics) 1 0.24 1.06 1.33  1.05 1.10 091
PR: 0.88 2 -0.16 101 015 099  -0.10 091
IR: 0.98 3 0.17 1.11 2.35 1.11 247 091
CA: 0.92 ’ : ’ ’ : )
4 0.47 1.04 1.00 1.05 1.17 091
5 0.25 0.86 -3.39 0.85 -347 091
6 0.24 0.82 -441 0.82 -422 091
7 -0.77 1.02 059 1.02 0.48 091
8 -0.43 1.02 048 0.99 -0.19 091
Analysis and interpretation 2 (analytical 9 -0.18 1.06 1.37 1.04 0.92 0.83
pftzo%lsg)3 10 -0.12 0.86 -344 0385 -3.61 0.81
IR: 0.98 11 -0.41 1.03 0.71 1.01 025 0.83
CA: 0.86 12 0.71 1.01 0.30 1.02 0.38 0.83
Conclusion generation 1 -0.22 0.86 -3.16  0.84 -3.50 0.93
}’151(?3961 2 0.03 091  -203 087  -292 093
CA: 0.94 3 -0.16 0.92 -1.80 0.88 -2.53 093
4 -0.30 0.91 -1.90 0.87 -2.86 093
5 0.72 1.36 736 1.36 7.09 0.94
6 0.09 0.98 -0.50  0.94 -1.32 093
7 0.15 1.01 0.15 097 -0.61 093
8 -0.31 0.97 -0.75 092 -1.63 093
Sharing and presentation 1 0.08 1.02 0.51 1.01 0.19 0.92
PR: 0.89 2 -0.16 100 -0.05 097  -0.65 092
IR:0.91 3 0.27 0.86 331 0.83 3.90 0.92
CA: 0.93 e ’ e ’ e ’
4 -0.12 0.92 -1.76  0.90 -225 092
5 0.11 0.99 -0.19  0.96 -0.85 092
6 -0.07 0.81 -4.59 0.79 -491 092
7 0.05 1.15 323 1.13 278 0.93
8 0.38 1.18 389 1.18 372 0.93
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Table5 Results of differential item functioning using Rasch analysis

Gender School

Item DIFC RWp MCp DIFC RWp MCp

Data collection and recording cdl 0.14 0.13 024 -007 049 058
cd2 029 0.00 001 012 022 0.10
cd3 0.08 039 061 0.00 1.00 047
cd4d -0.18 0.05 013 035 0.00 0.02
cd5 0.00 100 089 017 007 0.05
cd6 0.00 1.00 091 -025 001 0.01
cd7 0.00 1.00 095 -0.07 044 0.14
cd@ -0.15 0.11 008 -025 001 0.02
cdd -0.10 028 052 012 021 048
cdl0 -0.02 0.81 078 -0.I15 0.10 0.09
Analysis and interpretation 1 (statistics) adl  -0.21 0.04 0.03 0.09 041 0.50
ad2 -0.19 007 0.08 -0.17 0.11 0.15
ad3 -0.11 029 040 038 0.00 0.00
ad4 -003 080 059 020 0.06 022
ad5 -009 039 069 013 022 028
ad6 0.00 1.00 050 0.17 0.I1 0.18
ad7 049 0.00 0.00 -046 0.00 0.00
ad8 0.19 0.07 0.07 -037 0.00 0.00
Analysis and interpretation 2 (analytical tools) ad9 0.15 0.15 020 0.37 0.00 0.00
adl0 021 005 002 006 056 034
adll -0.03 080 066 -040 0.00 0.00
adl2 -032 0.00 0.00 000 1.00 0.31
Conclusion generation cll -0.10 039 036 030 0.01 0.01
cl2 039 0.00 000 0.12 031 039
cl3 0.00 100 083 -0.16 0.18 0.16
cl4 0.14 023 012 -0.11 034 048
cl5 -028 0.02 0.02 0.5 019 033
cl6 -0.09 044 032 -026 0.03 0.02
cl7 -0.14 025 023 032 0.01 0.02
cl8 0.08 051 042 -037 0.00 0.01
Sharing and presentation sil -0.33  0.00 0.01 0.17 0.12  0.08
si2 0.00 1.00 068 028 001 003
si3 008 044 050 -0.06 060 0.79
si4 -0.07 050 039 0.14 021 0.11
si5 -0.15 0.15 021 0.14 021 023
si6 0.11 031 035 -0.07 051 048
si7 0.14 0.19 020 -042 0.00 0.00
si8 023 0.03 003 -0.17 0.12 0.09
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Table 6 Correlation between scores by component factors and external criterion scores

Science core i Interest in science Interest in computer/
competencies subjects”™ information subjects”™
Data collection and recording 0.726* 0.444* 0.423%
Analysis and interpretation 1 0.726* 0.463* 0.349%
Analysis and interpretation 2 0.599* 0.349* 0.422%
Conclusion generation 0.760* 0.449* 0.329%
Sharing and presentation 0.765* 0.436* 0.361%

*Pearson’s r
**Spearman’s rho
p<0.001

developed science digital competence should show significant correlations with
general science core competency scores and interest in science and computer sub-
jects. To verify this, we conducted a correlation analysis. We selected five items
developed by Ha et al. (2018) to generate scores for science core competencies. We
also collected Likert scale scores for the items "Do you like science?" and "Do you
like computer or information subjects?". The correlations between the five varia-
bles we developed and the three external criteria (science core competencies, inter-
est in science subjects, and interest in computer/information subjects) are presented
in Table 6. Since interest in subjects was collected using single Likert scale items,
Spearman’s rho correlation coefficients were used for analysis, while Pearson’s cor-
relation coefficients were used for the others.

Science digital competence showed a high correlation with science core com-
petency scores. All correlations were significant at the 0.001 level, with r values
exceeding 0.7, indicating a very strong correlation. There were also significant cor-
relations at the 0.001 level with interest in science subjects and computer/informa-
tion subjects. These results confirm that our developed science digital competence
assessment tool is related to other similar indicators and operates as a valid measure-
ment tool.

3.3 RQ3: Gender and school level differences in the scores of the digital literacy
assessment tool

Our final statistical analysis concerns whether there are score differences in the
assessment tool we developed based on gender and grade level. As discussed in
the introduction, it is known that both science and digital competence have gen-
der effects, with males generally showing higher competence or interest (Divya &
Haneefa, 2018; Esteve-Mon et al., 2020; Gebhardt et al., 2019). Additionally, as stu-
dents progress to higher school grades, their learning in science digital competence
is expected to improve, resulting in higher competence scores. To confirm if our data
exhibited these trends, we conducted a two-way ANOVA and presented the results
in graphs and tables (Fig. 1 and Table 7). The graphs show the mean scores and
standard errors for each group to provide an intuitive comparison of overall scores.
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Data collection and recording Analysis and interpretation 1 Analysis and interpretation 2

3 3 3
25 2.5 2.5
2 { 2 = { 2
15 _-" 15 PR i 15 _ 4
1 L2 i 1 § 1 = -
0.5 ¥ 0.5 0.5 -
0 0 0 . .
L
-0.5 -0.5 -0.5
Middle High Middle High Middle High
3 Conclusion generation 3 Sharing and presentation
25 > 4 25
2 P 2 _ { -e=Male
7 1 -’ - L
1.5 ¥ 1.5 & Female
1 ¢ 1 1
0.5 0.5
0 0
-0.5 -0.5
Middle High Middle High
Fig. 1 Mean and standard error of scores by gender and school level
Table 7 Results of two-way ANOVA by gender and school level
gender school gender ¢ school
F r]2 F n2 F r]2
Data collection and recording 27.04* 0.02 27.12% 0.02 0.17™ 0.00
Analysis and interpretation 1 9.70% 0.01 29.04F 0.02 0.93" 0.00
Analysis and interpretation 2 48.42¢ 0.04 9.47% 0.01 0.17" 0.00
Conclusion generation 13.28* 0.01 30.18* 0.02 0.38™ 0.00
Sharing and presentation 4,06 0.00 22.00* 0.02 0.34" 0.00

p<0.001, tp<0.01

The key statistical results of the two-way ANOVA, including F-values, significance
levels, and effect sizes, are summarized in a Table 7.

Examining the scores for the five items across four groups divided by gender and
grade level, we observed consistent trends across all areas. For the five items of sci-
ence digital competence, male students scored higher than female students, and high
school students scored higher than middle school students. Notably, the most signifi-
cant gender effect size was observed in the analysis and interpretation 2 category.
Unlike analysis and interpretation 1, analysis and interpretation 2 involves the use of
mathematical tools, computer coding, and programming languages like Python. This
suggests that male students had significantly more experience and learning related to
these areas compared to female students.
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4 Discussions

4.1 RQ1.The content validity of the digital literacy assessment tool in the context
of scientific practice

The purpose of this study was to develop a valid assessment tool to evaluate the
level of digital literacy in the context of scientific practice for middle and high
school students and to establish indicators of digital literacy in scientific practice. To
this end, we developed the initial items through literature review and expert Delphi
surveys, applied them to middle and high school students to verify statistical valid-
ity, and investigated whether the items could be applied regardless of gender and
school level to finalize the items. Through this process, we identified a consensus on
the elements and levels of digital literacy required in the context of scientific prac-
tice among scientists, national curricula, and empirical experiences in classroom
settings. Additionally, considering that digital literacy is not merely the ability to use
technology but also complements the enhancement of students’ learning abilities in
the context of science education (Yasa et al., 2023), we can propose specific direc-
tions for ’learning by doing’ in science classes by providing empirical indicators of
scientific practice and digital literacy.

Based on research from various countries and major institutions on specific sci-
entific inquiry activities related to digital literacy, we initially developed 48 items.
We then had scientists review whether each item was necessary for science majors
or for general middle and high school students through two rounds of validation.
Through this process and refinement, we finalized a total of 38 items. This process
revealed differences between the digital literacy levels scientists believe students
should have and the level of digital literacy needed for scientific inquiry performed
in classroom settings. Scientists did not consider the criteria emphasizing complex
skills, tool usage, or programming languages to be particularly important. They also
expressed concerns that generalizations through formulas without sufficient theoreti-
cal background might lead to misconceptions. This indicates that the primary goal
of science education, which is to develop students’ thinking and problem-solving
skills, remains unchanged. It also suggests the need for more detailed standards and
application plans to avoid instrumentalism and ensure that the purpose of digital lit-
eracy aligns with the level students need to learn.

Digital competence in the context of scientific practice was divided into four
dimensions: data collection and recording, analysis and interpretation, conclusion
generation, and sharing and presentation, and dimensionality analysis was con-
ducted. The dimensionality analysis revealed that the ’analysis and interpretation’
part did not form a single dimension. An exploratory factor analysis showed that
it split into statistical processing and the use of analytical tools. Thus, digital com-
petence in the context of scientific practice was confirmed to be divided into five
dimensions: data collection and recording, analysis and interpretation (statistics),
analysis and interpretation (analytical tools), conclusion generation, and sharing and
presentation.
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Generally, digital literacy is theoretically composed of several dimensions, but
empirical measurements of digital literacy often result in a single dimension or show
strong correlations between elements (Aesaert et al., 2014; Demirbag and Bahcivan,
2021; Fraillon et al., 2019). While existing digital literacy developments encompass
universal content, this study constructed elements within the context of scientific
practice.

This indicates that when digital literacy education is conducted within the context
of specific subjects, it is more likely that only certain elements, tailored to the char-
acteristics of the subject, will be learned rather than all elements of digital literacy.
So, it implies that digital literacy training tailored to specific subjects can facilitate
the smooth operation of classes when teaching subjects that require digital literacy.

Furthermore, this implies that general digital literacy and digital literacy within
specific subject contexts may differ. In the case of data literacy, which is similar to
digital literacy, research has emphasized competencies within particular subject con-
texts, leading to the development of terms, definitions, and measurement tools such
as scientific data literacy (Son & Jeong, 2020; Qiao et al., 2024; Qin and D’ignazio,
2010). However, there has been limited research on digital literacy within specific
subject contexts. This study may serve as practical evidence supporting the argu-
ment that universal literacies, such as digital literacy and data literacy, require a dif-
ferent perspective on definition and measurement when learned within the context of
specific subjects.

4.2 RQ2.Validity evidence identified in the statistical tests

The analysis of item fit and reliability showed that the item fit was generally appro-
priate across all items. The reliability of the items was measured using person reli-
ability (PR), item reliability (IR), and Cronbach’s alpha (CA), all of which were
found to be above 0.8, indicating very high reliability. In addition to the content
validity of the developed items, we examined criterion-related validity to confirm
additional validity. Since the developed items pertain to digital competence in the
context of scientific practice, it was assumed that scientific competence and interest
in computers would be closely related to the results of these items. Therefore, addi-
tional survey questions on scientific competence and interest in computers and infor-
mation were analyzed. The results showed significant correlations at the 0.001 level
with both interest in science subjects and interest in computer/information subjects.
Thus, we confirmed that the tool developed in this study operates validly.

Since we developed digital literacy items in the context of scientific practice
for middle and high school students, it is necessary to confirm the generalizabil-
ity across both school levels and between genders. We conducted DIF analysis to
compare scores between groups, assuming that the measurement tool performs
equally across different groups. The analysis showed that one item had a moder-
ate difference by school level, and one item had a moderate difference by gender.
Using the significance levels of the Rasch-Welch t-test and Mantel chi-square test,
we found differences in five items by gender and eight items by school level. Gender
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differences were evenly distributed across factors, while school level differences
mostly occurred in the analysis and interpretation factors.

These items were related to mathematical knowledge and the use of computer
languages, indicating that these competencies may vary as students’ mathematical
concepts and computer language skills increase (Fraillon et al., 2019). Lazonder
et al. (2020) found that digital skills are influenced more by early exposure to digital
tools than by age. However, higher-order thinking skills such as analysis and inter-
pretation require not only early exposure but also cognitive level and understanding
of subjects like mathematics, science, and computer science.

4.3 RQ3. Gender and school level differences in the scores of the digital literacy
assessment tool

We conducted a two-way ANOVA to explore the differences by gender and grade
level more deeply, confirming that digital and scientific literacy increase with higher
grade levels. This trend has been confirmed by various studies (ACARA, 2018;
Kim et al., 2019). When examining gender differences, we found that male students
scored higher than female students across all items, with the most significant dif-
ferences observed in items related to computer coding and software. The effect size
was greater for male students, contrasting with the general trend where female stu-
dents often score higher in science concept learning (Fraillon et al., 2019).

In our study, more items focused on functional aspects rather than concep-
tual ones, possibly giving male students an advantage in technical tasks (Divya &
Haneefa, 2018; Esteve-Mon et al., 2020; Gebhardt et al., 2019). Additionally, many
items were related to computers and mathematics, where male students tend to
exhibit higher overconfidence (Adamecz-Volgy et al., 2023). The self-report nature
of the survey may also have contributed to these results, as female students might
underreport their abilities and confidence in STEM fields compared to their actual
capabilities (Hand et al., 2017; Sobieraj & Krdmer, 2019).

Consequently, students believe that their digital literacy within the context of sci-
entific practices increases with age, and male students tend to rate themselves higher
than female students across all categories. This suggests that male students find tech-
nical tasks easier and have reached a higher level, particularly in areas where math-
ematics and computer coding are integrated into scientific practices, compared to
female students. Although this study is based on self-reported assessments, it can be
inferred that there are actual differences in ability, not just in interest or confidence,
among middle and high school students who have some understanding of their capa-
bilities. These findings are consistent with previous research indicating that female
students lag behind male students in STEM-related skills (Divya & Haneefa, 2018;
Esteve-Mon et al., 2020; Fraillon et al., 2019; Gebhardt et al., 2019). Therefore, it is
necessary to develop instructional strategies in science education to cultivate these
competencies.
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5 Conclusion and direction of future studies

In this study, we developed a measurement tool for digital literacy in the context of
scientific practice for middle and high school students. Based on a literature review
and a Delphi study with scientists, an initial draft was created and then applied to
Korean middle and high school students. Through a statistical validation process,
the tool was finalized. Assuming that digital competence should combine both gen-
eral and subject-specific digital competencies, we aimed to establish specific criteria
for digital literacy integrated with scientific practice. The developed items are appli-
cable in both middle and high schools, with only a few items showing gender-related
differences, which are not significant enough to limit their use.

Since the developed measurement tool consists of self-report items, it is impor-
tant to consider the potential issues of overconfidence bias and the tendency to
measure higher actual performance in digital literacy compared to conceptual under-
standing (Porat et al., 2018). However, this study is significant in that it approached
digital literacy in a subject-specific context and presented an assessment tool with
concrete and practical science lessons in mind to enhance digital competence. It can
be universally used in various science subjects, providing guidance for teachers and
students on the objectives of their participation in science classes. Understanding
the characteristics of the various elements of digital literacy in the context of sci-
entific practice can lead to the development of specific teaching and learning meth-
ods to enhance the corresponding competencies. This suggests that digital literacy,
within the context of specific subjects, requires a different perspective in terms of its
definition and measurement.

The items developed in this study are designed to be used in both middle and
high schools, making them suitable for longitudinal research by other researchers.
Given the technical changes and software developments, some items may need to
be modified, and future related studies are expected to adapt these items accord-
ingly. Additionally, it is necessary to more closely examine the reasons why female
students have lower digital literacy, particularly in STEM-related fields, within the
context of scientific practices compared to male students, and to explore strategies to
reduce this gap.

Appendix

Data collection and recording

1 Tknow reliable websites and can search for appropriate papers or books when conducting theoreti-
cal research to solve questions (e.g., knowing which sites to access to find existing studies on the
population of our neighborhood or air quality)

I can use drives (e.g., Google Drive or OneDrive) to store and effectively manage my data

3 Icanidentify variables according to questions and hypotheses and determine what data or informa-
tion needs to be collected (e.g., considering and measuring factors like carbon dioxide, air quality,
and tree types to know if trees help improve classroom air quality)

4 Iknow how to enter data into spreadsheets like Excel
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O 00 3 O W

I understand that sensors or measuring devices do not always measure accurate values
I can think about what to consider to determine if the collected data is reliable

I know what to consider when selecting sensors to measure data

I know how to deal with errors in the devices I use

I understand the difference between data being valid and data being reliable and can explain the
meaning of each

10 Itry to devise and improve various methods of data collection

Analysis and interpretation 1 (statistics)

1

I attempt to analyze data in various ways (e.g., by day of the week, date, time, correlation with other
variables)
I can find recurring patterns when converting data into graphs (meaning abstraction)

I can distinguish between correlation and causation (e.g., “higher temperatures cause more photo-
synthesis’ is causation, and ’students with higher math scores also have higher language scores’ is
correlation)

I understand and can interpret the meanings of statistical results such as standard deviation, variance,
mean, and maximum values

When analyzing collected data, I can identify causes of potential errors and limitations in the data
collection process to avoid excessive generalization (e.g., explaining why results from our class-
room should not be generalized to all classrooms)

While interpreting graphs, I can use scientific background knowledge to explain why certain inquiry
results occurred

I can understand and explain pictures, tables, and data

I can compare and use different types of graphs and tables, understanding their characteristics and
usage (e.g., knowing when to use pie charts, line graphs, or bar graphs)

Analysis and interpretation 2 (analytical tools)

I can use mathematical tools or techniques to calculate data (e.g., setting up Excel formulas for com-
plex calculations)

I can use computer languages for statistical analysis (block coding or text coding) (e.g., using Entry,
Python, or Scratch to find mean, standard deviation, mode, etc.)

I can understand the meaning of codes written by others in Entry or Scratch

I can understand the meaning of codes written by others in Python or R

Conclusion generation

N O R W

I can ethically consider and evaluate various information and alternatives during the problem-solving
process

I can thoroughly discuss the impacts of my solutions on other related fields

I can derive creative conclusions by combining newly found information with what I already know
I can synthesize various information to draw conclusions that help solve problems

I can draw trend lines from current data to predict trends

I can objectively evaluate the strengths and limitations of my conclusions

I can explain how my conclusions are related to scientific and social issues
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8 I can self-evaluate and revise the solutions I propose to solve problems

Sharing and presentation

1 I can make logical arguments using data or scientific results
I can communicate with other students using presentations, online software, discussion boards, etc

3 I can share solutions to problems with other students through shared documents or platforms like
Google Docs or Padlet

I know methods for sharing information or knowledge (e.g., Google Drive, writing shared documents)
5 Ican effectively present new information using computer programs (Excel, PowerPoint, Hangul)

6 1know how to present information in a way that makes my written words, speeches, graphs, pictures,
posters, etc., easily understood by others

7 1 can use various computer programs (video editing, photo editing, document creation, using formu-
las, or drawing graphs)

8 Tknow how to present information beautifully to make it aesthetically pleasing to people
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