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ABSTRACT

This paper reports the findings of the second year of a four-year empirical research
project. Its aim is to modify ‘step-by-step’ instructions for practical activities in a way that
may enable the development of experimental design skills among junior high school
learners. Each school year pupils spend six lessons doing practical activities using
worksheets we provide. At the beginning of the research, the Grade 7 (12-13-year-old)
pupils were divided into three groups. Group 1 (control group) followed step-by-step
instructions. Group 2 followed the same instructions as Group 1, but after the experiment,
they answered a series of questions on their worksheets concerned with the design of the
experiment. Group 3 was required to design the experiments, guided by a similar set of
questions.The impact of the intervention on pupils' experimental design skills (EDS) and
disciplinary content knowledge (DCK) was measured using structured tests at the
beginning of the project and at the end of both school years. Seven hundred fifty-six (756)
Grade 8 pupils completed the test at the end of the second school year (April-May 2023).
Over the first two years, the intervention resulted in a medium effect size positive change
in the EDS of Group 3 compared to the control group (Group 1), (Cohen's d: 0.23). By the
end of the second year of the project, there was only a small difference in the change in
DCK between the experimental groups and the control group (Cohen's d value for Group
2: 0.10 and for Group 3: 0.12).
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Introduction

Disciplinary Content Knowledge and Inquiry-based Activities

The Rocard Report (2007) recommended inquiry-based methods to increase interest in school

science, as policymakers across Europe were concerned that a decline in young people's interest in
certain science studies was leading to a shortage of scientists and that not all young people were
developing at school the key analytical skills that would prepare them for the future. Inquiry in
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science is the intentional process of diagnosing situations, formulating problems, critiquing
experiments and distinguishing alternatives, planning investigations, researching conjectures,
searching for information, constructing models, debating with peers using evidence, and presenting
coherent arguments (Linn, Davis, & Bell, 2004). Banchi and Bell (2008) outline four levels of inquiry.
The highest level is the open inquiry, where learners are asked to formulate the research question,
design and follow through with a developed procedure, and communicate their findings and results.
Open inquiry is certainly authentic, but often considered to be too challenging even at undergraduate
level (Farley et al., 2021). One level down is the guided inquiry (Schoffstall and Gaddis, 2007), where
the question to be investigated is given by the teacher and learners have to design a procedure to find
the answer given guidelines. Guided inquiry is more realistic at school level and it is an improvement
on the even lower level of structured inquiry, where the initial question and an outline of the
procedure are given to the learners, who are only required to formulate explanations for their finding.
The lowest level, which Xu and Talanquer (2013) do not even call an inquiry, is the confirmation
inquiry, when the teacher develops the question to be investigated and a procedure that guides the
learners through an activity where the results are already known. Banchi and Bell (2008) suggest that
teachers should start teaching inquiry at lower levels and work their way up to open inquiry in order
to effectively develop students' inquiry skills. The development of skills, habits and attitudes for
scientific inquiry is widely seen as an important goal of science education (e.g. Koomson et al., 2024).

However, according to the PISA 2015 results (OECD, 2016), enquiry-based science activities
(that are also referred to in the literature as inquiry-based, as the latter term is used in both North
American English and British English, see Oxford Learner’s Dictionaries, 2024) are associated with
lower test scores in science among students who work in the context of disorderly classrooms
(Mostafa et. al., 2018). This is unfortunate, because the same analysis also showed that introducing
pupils to these activities seems to be the most promising approach to developing a positive attitude
towards science (see also e.g. Wheatley, 2018). However, Lavonen et al. (2021) warned that although
results show that these science practices have a positive impact on situational interest, several research
projects on the topic (European Union, 2016) had not supported the development of students' interest
in physics and science careers at upper secondary level. These results suggest that not all inquiry-
based teaching methods produce the expected positive results in all circumstances.

Mostafa et al. (2018) also report that greater exposure to teacher-led science education is
positively associated with science achievement in almost all countries, even after accounting for socio-
demographic characteristics of learners and observed and unobserved school characteristics (OECD,
2016). Therefore, they recommend that teachers with strong classroom management skills and
professional knowledge should guide learning in science by explicitly teaching basic concepts. They
can then encourage pupils to engage in enquiry or inquiry-based activities to consolidate their
knowledge. There are known methods for learners to purposefully integrate scientific knowledge
(disciplinary core ideas) and scientific activities (science and engineering practices) to understand
aspects of their learning (National Research Council, 2012; NGSS Lead States, 2013). These include e.g.
asking questions, developing and using models, designing and carrying out experiments, analysing
and interpreting data. This should be productive for making sense of phenomena, while learners
adopt epistemologies for science (Russ, 2014), which can turn out to be useful in post-school life. These
are skills that all STEM undergraduates should develop (Reynders et al., 2019). Therefore, teaching
materials should provide opportunities for learners to surface ideas and build meaningfully on their
reflections about the phenomena they experience (Schafer et al., 2023). Exemplars were based on
different models, such as the Science Writing Heuristic (Burke et al., 2006), the Process Oriented
Guided Inquiry Learning (Moog et al., 2008) and the Argument Driven Inquiry (Walker et al., 2013).
These emphasise asking scientific questions, designing appropriate procedures to test those questions,
supporting conclusions with experimental evidence, and communicating ideas clearly (Reynders et
al., 2019).

In terms of laboratory exercises, it has been known for a long time that step-by-step (or
“cookbook-style”) instructions that tell students exactly what to do while carrying out an experiment
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(which fall under the category of structured inquiry) have limited effects on learning (Kirschner, 1992).
This approach usually targets the cognitive, psychomotor and affective domains to ensure meaningful
learning. However, the social and epistemic domains are often ignored or dismissed altogether, even
in undergraduate laboratories (Hendra, 2022). Therefore, guided inquiry may be an option that
represents an improvement over a structured inquiry, but is still less challenging than an open
inquiry.

Literature Review

Experimental Design in Pre-university Chemistry Education

There are many different ways to implement a guided inquiry (e.g., Moog et al., 2008), but
controlling for variables while designing an experiment is always essential (Arnold et al., 2018; Arnold

et al.,, 2021; Cannady et al., 2019). At school level, where pupils' prior knowledge of chemistry and laboratory
competences is extremely limited, it is important to use pedagogical procedures that allow for different levels of support to

provide pupils with appropriate scaffolding. Appropriate teaching models can be summarised as not recipe-
like instructions, where tasks are more learner-centred, cooperative learning is supported and the
preparatory phase plays an important role (van Brederode et al., 2020). The objectives move away
from the acquisition of concrete subject content and the use of laboratory equipment towards higher
order cognitive skills such as designing experiments, scientific reasoning, linking science and social
contexts, and developing critical thinking.

However, Akuma and Callaghan (2019), in their systematic literature review, characterised a
number of intrinsic challenges related to the design and implementation of inquiry-based practical
work (e.g., negative views about science and practical work, difficulties in designing such activities,
persuading learners to reflect on their experiences and outcomes, and concerns about the assessment
of practical inquiry). Learners often have to cope with too many instructions in the laboratory
(Agustian and Seery, 2017; Johnstone, 1997), and cognitive overload can easily occur. Johnstone (2006)
suggested that this could be reduced by pre-laboratory preparation plays. A meta-analysis of studies
on guided inquiry instructions suggested that more specific guidance results in higher quality
learning products (Lazonder, Harmsen, 2016). Therefore, van Brederode et al. (2020) used two
different ways to treat their pre-university students (17-18 year-olds) to find out what level of support
works better. In the “critical thinking” pre-laboratory group, students started to develop an
experimental plan using the information provided and the criteria for a good experimental design.
Hints for designing the experiment were given to the students in the other “paved road” group as
information for answering the pre-laboratory questions, while they were also given compact
laboratory instructions for carrying out the experiment. The results showed that students of the
“critical thinking” group were motivated to think more deeply about the meaning of their
measurements than the “paved road” group.

Hennabh et al. (2022) found that placing greater emphasis on dialogic processes as a tool prior
to completing a practical-based activity helped learners to score significantly higher on the GCSE
chemistry examination practical-themed questions than students who prepared for the practical task
by watching videos during the lesson. It therefore seems useful for the group of students to discuss

the procedure before carrying out a laboratory experiment.
Potier (2023) introduced guided inquiry to enable 15-16 year-old learners with minimal background knowledge of
a topic to design and carry out an experiment. He found that guided inquiry can be an effective tool to give students control

over their own learning and support their engagement and progress in high school science.

Tseng et al. (2022) argued that since experimental design is a systematic thinking process that
involves configuring the relationship between control, and independent and dependent variables
(Pedaste et al., 2015), students can learn this by reflective reading of scientific articles rather than
performing practical hands-on laboratory activities. In their research project, the “comparison group”
(control) learned how to read and understand scientific articles without a direct focus on their inquiry
practice. Both “experimental groups” read and discussed scientific articles and designed their own
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experiments. Evaluative reflection on their peers” experimental designs was emphasized for one of the
experimental groups, while the recognition of variables in designing experimental procedures was
emphasized for the other group. The results showed that students' scientific inquiry performance in
formulating research questions and designing experimental procedures can be effectively improved
by reading and reflecting on experimental design.

Addressing the Problem of Motivation

A systems thinking approach can help learners link their knowledge of chemistry with other
disciplines and the skills needed to tackle complex global problems (Szozda et al., 2022). These
activities can illustrate e.g. the dynamic relationships between processes, the variables that control
them, the emergent behaviour of the system, and how that behaviour changes over time (Orgill, 2019).
They provide opportunities for learners to use their knowledge of chemistry to explain a more
complex and unfamiliar phenomenon. This can also create an experience that has the potential to
engage learners (Allred et al., 2022). This can be very useful, especially in a longitudinal study, when it
is crucial to find ways to stimulate and sustain interest, as pupils' performance cannot be rewarded
with marks. Several studies have shown that for many high school pupils, motivation to learn
chemistry is first and foremost obtaining good marks (see among the latest e.g. Zhang, Zhou, 2023).

Context-based learning in general, and addressing socio-scientific issues in particular, can lead
to a better understanding of chemistry and help learners to relate chemistry to their everyday lives
(Chen, Xiao, 2020; del Mar Lépez-Fernandez et al., 2022). It can also develop critical thinking skills,
which are essential for students to become competent citizens who can make informed decisions in
different situations. Jiménez-Aleixandre & Erduran (2007) point out that critical thinking involves
elements of argumentation, such as the search for and use of evidence. The systems thinking approach
is well suited for this purpose, since chemical reactions and processes are an integral part of dynamic
and interconnected systems. This way learners can realise that because sustainability has a molecular
basis, chemistry plays a central role in addressing the challenges facing the Earth and societal systems
(MacDonald et al., 2022). However, to ensure the appropriate development of critical thinking skills, it
is important to create a spiral scaffolding while applying a systems thinking approach (Mahaffy et al.,
2018). Therefore, at the age of 13-14, phenomena can be explained mostly in qualitative terms and
some elements of systems thinking can be introduced. Examples include identifying the components
of a system and their connections, flows and cycles, causality and feedback loops (MacDonald et al.,
2022). It is best to start simple and then gradually increase the complexity (del Mar Lopez-Fernandez
et al., 2022).

Social media is also a goldmine to provide topics for motivating context-based learning and
systems thinking, as it often contains (e.g. for marketing purposes) science-related information that is
based on non-scientifically-proven sources or outright fabrications. Research by Belova & Krause
(2023) has shown that it is worthwhile preparing school learners against science-based manipulation
strategies. As well as stimulating interest, it can show pupils that seeking to understand how science
works can be an activity that protects them from being deceived or misled.

Previous Results

Four studies (Szalay et al., 2020; Szalay et al., 2021; Szalay et al., 2023; Szalay, Té6th, 2016) have
provided preliminary results for the research described in this paper. A common feature is that the
experimental group or groups learned how to design the experiments, while the control group simply
followed step-by-step recipes i.e. structured inquiry. The experimental design tasks of (at least one) of
the experimental groups can be categorised as guided inquiry, as the research questions were always
given, but the pupils had to design the method, the way to find the answer. The earliest brief
empirical research (Szalay, Téth, 2016), in which pupils in the experimental group aged 14-15 had to
design experiments without any help, showed positive results, as their experiment design skills as
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measured by tests improved significantly compared to those of the control group. However, the same
approach did not prove to be successful by the end of the first school year of a longitudinal study in
case of 12-13-years-old students (Szalay et al., 2020). Accordingly, from the second year onwards,
pupils in the experimental groups were taught the relevant principles of experimental design. This
scaffolding produced positive results for 13-14 year-old students, since the experimental groups’
experimental design skills seemed to develop more than that of the control group’s. However, this
effect disappeared in the long term when the students turned 14-15 (Szalay et al., 2021). This led to the
conclusion that students probably need more help and more motivation in designing experiments
than they received in the previous longitudinal project. Gott and Dugan (1998) warned that not all
inquiry based laboratory tasks are appropriate to engage students in scientific practices, as they
depend on their structure and requirements. This is in agreement with Baird’s view (1990) that
purposeful inquiry does not happen spontaneously — it must be learned. Students obviously need
scaffolding to solve inquiry type tasks (e.g. Puntambekar and Kolodoner, 2005; Blanchard et al., 2010;
Crujeiras-Pe rez and Jime nez-Aleixandre, 2017). This might help to alleviate the increased cognitive
load.

Therefore, in the present four-year project that began in September 2021, pupils in the
experimental groups answer a series of questions concerned with the design of the experiment about
the fair testing (t.e. changing one factor at a time while keeping all other conditions the same) on their
worksheets. This is a simplified version of the Experiment Design Diagram described by Cothron et al.
(2000). After the first school year of the present project, it was clear that the applied type of instruction
had a significant positive effect on the results of the pupils who were required to design the
experiments, guided by that set of questions (Szalay et al., 2023).To increase motivation in the present
longitudinal research project, context-based tasks with elements of systems thinking were also
introduced in the worksheets under the heading "Let's think!". These are the same for all groups.

Aims and Objectives

Since the method used in the first year of the present four-year longitudinal research (Szalay
et al., 2023) seemed to improve the experimental design skills of the experimental group (Group 3)
who had to answer questions about the design of the experiments before they planned the steps of the
experiments they carried out, it was decided to apply the same research model in the following years
to see what changes happen in the longer term. It is also interesting to see how the performance of the
other experimental group (Group 2) who answer the questions after completing the step-by-step
experiments changes over the course of the tests.

Research Questions (RQ)

Therefore, in the second school year of the present project, answers to the same research
questions as in the previous year were sought.

RQ1: Did the intervention result in a significant change in pupils' ability to design
experiments (experiment design skills, EDS) in either of the experimental groups compared to the
control group in long term, by the end of the second year of the present project?

RQ2: Did the pupils in the experimental groups score significantly differently on the
disciplinary content knowledge (DCK) questions because of the intervention compared to the students
in the control group in long term, by the end of the second year of the present project?

RQ3: Was there a difference in EDS between students in the two experimental groups in long
term, by the end of the second year of the present project?
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Methods
Research Design and Participants

A quasi-experimental design with a non-equivalent control group is applied in this empirical
research. The research team consisted of thirty-four serving chemistry teachers and five university
chemistry lecturers at the beginning of this four-year project (in September 2021). Thirty-one of the
teachers taught the participating students in the first year of the project. Three teachers did not teach
the students in the sample. One of them, as a member of the research team, tried out the tests with her
pupils and prepared worksheets. Another teacher is involved in correcting the marking of the tests
that had been done by other teachers. A third teacher only prepared one of the worksheets. Of the
thirty-four in-service chemistry teachers, five teachers have left the research team since the end of the
first year of this project. Two teachers from the participating schools who replaced two of the five
teachers who left became members of the research team. Therefore, the research team now consists of
thirty-one serving chemistry teachers and five university chemistry lecturers. All teachers are
voluntary participants.

Participating pupils must attend a school where they are taught chemistry from Grade 7 to
Grade 10 (from age 12-13 to age 16-17), so that their learning of chemistry over four school years can
be followed in the present longitudinal research. The 931 seventh-grade pupils who were involved in
the beginning of this project (in September 2021) came from twenty-five Hungarian secondary schools
and thirty-eight classes. Class sizes varied between 14 and 36, reflecting the typical class sizes in
Hungarian schools. The students who remained in the project in the second year came from twenty-
three Hungarian secondary schools and thirty-six classes. Class sizes varied between 13 and 33 in the
second school year.

At the beginning of the project (September-October 2021), 931 participating seventh-grade
pupils completed one test (called Test 0, T0). The 38 classes were grouped into Groups 1, 2 and 3 after
the evaluation of the results of Test 0 to ensure that there were no significant differences among them
neither in the initial performance (previous knowledge), nor in terms of the hypothesised parameters
(school ranking, mother's education, gender). Pupils stay for four years in the same group they were
in when the project started. By the end of the first school year (May-June 2022), 890 of these students
completed another test (called Test 1, T1). The 756 remaining eighth-graders completed the third test
(Test 2, T2) by the end of the second school year (April-May 2023).

Six pupil worksheets and teacher's guides were produced in both school years 2021/22. and
2022/23. Each worksheet was written in three versions for the three groups of students.

The research model used in the second year of this project is summarised in Figure 1. The
teachers chose when the lessons took place, in which the worksheets and the tests provided were
used.

Group 1 (the control group) only did step-by-step experiments that Banchi and Bell (2008)
called “structured inquiry”. An abbreviated and simplified version of the Experiment Design Diagram
(Cothron et al., 2000), applying the ‘fair testing’ method (i.e. changing one factor at a time while
keeping all other conditions the same), was used to help experimental groups learn to design
experiments. The questions concerned the control of variables, the discussion of hypotheses and the
definition of the steps of the experiments. Group 2 carried out the same step-by-step experiments as
Group 1, but after performing the experiments, they had to answer questions on the worksheets about
the design of the experiments, following the relevant parts of the fair testing plan described above.
Their answers were discussed with their teachers. This instruction method could be considered as a
much-simplified version of the approach used by Reynders et al. (2019) who linked the discussion
questions of the experimental procedure to the lab report. Group 3 were given guided inquiry tasks on
their worksheets, since it is more realistic to introduce guided inquiry (Schoffstall and Gaddis, 2007)
practicals at school level, where the question to be investigated is given by the teacher and pupils have
to design an experiment to find the answer than the open inquiry that is often considered too
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challenging even at undergraduate level (Farley et al., 2021). Group 3 students’ experiment design was
supported by questions from the fair-testing plan mentioned above. The answers were discussed with
Group 3 by their teachers before the experiments were carried out. The treatment of Group 3 is similar
to that of the “critical thinking” pre-lab group described by van Brederode et al. (2020), as they had to
design the experiment to be performed. The “paved-road” pre-lab group of the same study (van
Brederode et al., 2020) on the other hand, was given compact lab instructions to carry out the
experiment, similarly to Group 2. (Although Group 2 had to discuss aspects of the experiment design
after the experiment was completed.)

Figure 1

Research procedure applied in the second school year of the current project

Preparation of six student worksheets and
teacher's guide for 25-45 minute practical activities
for the three groups. The students who remained
in the project continued to complete the same
type of worksheets as in the first year.

— v

Group 1 Group 2 Group 3
six lessons, six lessons, six lessons,
no plan of plan of plan of
experiment experiment experiment

design design filled design filled

(control) in after the in before the

experiments experiments
Y " "
Test 2 Test 2 Test 2
" 2 v

Analysis of the results

Ethical Considerations

In the absence of institutional ethics committees or local procedures, our research team had to
develop its own ethical protocol to ensure that informed consent was obtained and that the privacy
and confidentiality of the individuals were protected (Lawrie et al., 2021). A letter describing the key
features of the research was drafted in accordance with the General Data Protection Regulation
(GDPR) in the European Union and sent to the mother or guardian of each participating student by
their chemistry teachers to ask for written consent for their children to participate. Teachers also had
written permission from school principals to participate. Teachers told the pupils that the test results
would not count in their school's chemistry assessment, but that they were participating in a project to
improve chemistry education.

490



Szalay, Téth, Borbas, & Fiizesi, 2024

Instrumentation

Worksheets

The pupil worksheets and teacher's guides describe practical activities involving pupil
experiments, designed to take about 25-45 minutes. All twelve worksheets and their teacher's notes
titled “Student sheets 1-6 and their teacher's notes” for the first year of the present project and
“Student sheets 7-12 and their teacher's notes” for the second year of the present project are available
in English on the research team's website (https://ttomc.elte.hu/publications/92). These were piloted
with students working in small teams.

Topics of the experiments and the context-based systems thinking tasks ("Let's think!") were
related to the National Core Curriculum of Hungary (2020), together with the experiment design tasks
given to Group 3 on the worksheets (Szalay et al. 2023) and see Table 1 in Appendix for those used in
the second year.

Each topic of the worksheets had been agreed by all participating teachers. The first versions
of each worksheet were read by four university lecturers (who are experts in the development of
chemistry teaching materials for primary and secondary school learners. The worksheets were then
improved by the authors based on the experts' suggestions. This second version was proofread by one
of the experts and the leader of the research team, who then agreed on the final changes.

Each worksheet continued to include a context-based task under the heading ‘Let's think!’,
designed to maintain interest, engagement and develop systems thinking skills (e.g. Chen, Xiao, 2020;
del Mar Lopez-Fernandez et al., 2022; Klemes; et al., 2021; MacDonald et al., 2022).

The basics of the correct terminology (independent and dependent variables, constants,
hypotheses) were introduced for both experimental groups (Groups 2 and 3) in the second school
year, in the hope that students would be old enough to master these abstract concepts. Based on
answers given to attitude questions in the first year, other minor changes were made to the
worksheets, highlighting the importance of experimentation in science. Groups 2 and 3 teachers were
also asked to encourage their pupils to answer questions about experimental design by highlighting
its usefulness and praising them for thinking well.

Tests

Based on the results of the end-of-year test in the first (Test 1, i.e. T1) and second (Test 2, i.e.
T2) year of the project, pupils' achievement should be compared with the performance of the previous
year (Test 0, i.e. TO): a test at the beginning of the project and Test 1, (i.e. T1): end-of-year test in the
first year of the project, respectively) to see how their DCK and EDS have changed. Tests were
designed using the same recommendations as described in the previous studies (National Research
Council, 2001; Szalay et al., 2023) and they were all paper based (Cannady et al., 2019). The tasks had
to integrate content knowledge that learners are familiar with (DCK) and focus on the ability to apply
scientific practices (Zimmerman, 2000; Zimmerman, 2007; OECD, 2017; Cannady et al., 2019; Tosun,
2019) while solving the experimental design tasks (EDS). EDS tasks had to provide the content
knowledge needed to solve the tasks (Cannady et al., 2019).

Before designing the EDS task, various assessment criteria (Sirum & Humburg, 2011)
assessment tools (Chen et al., 2019; Tseng et al., 2022) and the experimental design checklist for
Science Olympiad (2020) were consulted for guidance. The collection and use of data from the text, the
identification of independent, dependent and controlled variables, and the procedure were considered
most important. The EDS tasks were set in the context of everyday life in a way that was designed to
engage the students' interest.

The following EDS task was used in Test 2 to compare the development of pupils' EDS across
the three groups.
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“Imagine you are on holiday with relatives in a small village and you have filled a swimming pool in the
yard with water. The water needs to be disinfected with a tablet that can work in the pH=7-8 range, but the pH
of the local water is higher than 8. There is a chemical that needs to be added to the pool in such quantities that
the bathing water reaches the desired pH range. However, the test strip to check the pH of the water is out of
stock and is only available in a remote town. Remember, however, that red cabbage juice can act as an acid-base
indicator and can be made from cabbage at home. According to the Internet, red cabbage juice is yellow at pH
>12, green and greenish blue around pH=9-11, blue between pH=7-8, lilac or purple between pH=4-7, and red in
the pH<3 range. This allows you to adjust the pH of the pool water to the pH range that the disinfectant tablets
will work. You cannot pour the cabbage juice into the pool, but you can use cups to take a water sample from the
pool, even several times. There is also a shovel to mix the water in the pool. Use your answers below to help
design the experiments to get the right pH range.

a) What can you change about the total content of the pool during the experiments (i.e. what should be
added to the total content of the pool in each experiment)?

b) What property of the pool water depends on the change you cause?

c) How can you test for this property of the pool water mentioned in b) above?

d) From what observation can you conclude that more material needs to be added?

e) Why is it always important to mix the pool water carefully?

1) In which case can you conclude that you can now put the disinfectant tablets in the pool water?

g) Put a (+) sign in front of the statement(s) in the list below that is/are important and a (-) sign in
front of the statement(s) that is/are not important. (You can write a different sign after a clear strike-through if
you change your mind.)

The water should be always taken out from the same point in the pool by the cup.

Always the same volume of water should be taken out from the pool by the cup.

Always the same cup should be used to take out the water from the pool.”

The test questions were structured according to the levels of the revised Bloom's Taxonomy
(Bloom et al., 1956; Krathwohl, 2002) cognitive process dimension categories as interpreted in previous
publications (Szalay et al., 2020; Szalay et al., 2021; Szalay et al., 2023). Each test consisted of eighteen
compulsory items, each worth 1 point. Nine were used to assess EDS and the other nine to assess DCK
(three each for recall, understanding and application), as both experiment design skills (EDS) as part
of inquiry skills and disciplinary content knowledge (DCK) had to be assessed (e.g., Cooper, 2013;
Reed, Holme, 2014; Rodriguez, Towns, 2018; Underwood et al., 2018). To measure the development of
the experimental design skills (EDS) problem solving tasks were used that required the application of
the components of experimental design skills defined by Csikos et al. in 2016 (i.e. identification and
control of variables, including the principle of “how to vary one thing at a time” or “other
things/variables held constant”; choosing equipment and materials).

The instruments used were 40 minutes paper-based tests. The papers were coded so that
teachers would know the the respondent’s name and gender, but the researchers only received
anonymous data coded for statistical analysis. These codes and the Excel spreadsheets containing the
codes and marks are used throughout the project. Participating teachers marked the tests, recording
the marks in an Excel spreadsheet as instructed (see on the research group website
(https://ttomc.elte.hu/publications/95) under the titles “TO test and instructions for teachers”, “T1 test
and instructions for teachers” and “T2 test and instructions for teachers”, respectively). As there was
an element of subjectivity in the marking protocol, the research group tried to standardise the marking
to ensure that the application of the marking key is the same for each corrected test of the same kind,
as done by Goodey & Talgar (2016). An experienced chemistry teacher reviewed all the teachers’
marking and suggested modifications to the marking instructions. After discussions within the team,
alterations were made. Based on these, the teachers’” marks were changed to ensure that a unified
marking process, free from individual teachers’ decisions was used. The scoring procedure is
consistent with the recommendation of reaching complete consensus through negotiated agreement
(Watts, Finkenstaedt-Quinn, 2021).
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Validity

Evidence for content validity was established by a panel of domain experts judging whether
the items appropriately sample the domain of interest (Crocker & Algina, 2006). It can be used to
argue against construct underrepresentation that is one of the main threats to construct validity (Wren
& Barbera, 2013). To avoid construct-irrelevant variance, each task of Test 2 could be completed after
finishing the tasks on the six worksheets for the second school year of the present project. Table 2
shows how each task of Test 2 can be matched with the relevant content of certain worksheet.

In Test 2, the tasks had to be different than in previous tests to avoid repeated testing effects
and to measure transferable EDS (Cannady et al, 2019; Schafer et al., 2023; Szalay et al, 2020; Szalay et
al, 2021; Szalay et al, 2023). The chances of the successful solution of a task would be higher if it was
used the second time, since pupils might discuss it with others in between times. (This could have
caused construct-irrelevant easiness.)

Table 2

Matching the content of the tasks of t2 test and the topic(s) of the worksheets for the second year

No. of task in Test 2 No. of student worksheet and topic

l.a-b 8. Hardness of water, use of water softeners (precipitation reactions)

2.a-g 10. Modelling environmental processes (acid base reactions, pH, effects of
acid rain)

3.ab 9. Modelling industrial processes (production and use of quicklime and
slaked lime)

4.a-b 7. Reactivity series of metals and hydrogen (redox reaction, electron
transfer)

5. 12. Plastics - pros and cons (raising environ-mental awareness)

6. 9. Modelling industrial processes (production and use of quicklime and
slaked lime)

7. 11. Modelling qualitative analysis (health and diet)

The first version of Tests 2 and its marking key was devised by the research team leader. Then
the same university educators in the research group who checked the content of the student
worksheets and the TO and T1 tests checked the marking instructions of the T2 test. Alterations were
made according to their suggestions. This process of item evaluation and revision took place for all
items of all the three tests. Expert feedback on item content, wording, and consensus of the correct
answer are all sources for evidence of expert response process validity and against construct-
irrelevant variance, both construct irrelevant difficulty and easiness (Wren & Barbera, 2013).

Test 2 was trialled with two classes (N1=29, N2=29, altogether 58) of 13 year-old pupils not
participating in the research in the autumn 2022. (Test 0 and 1 had been tried out on the same two
classes in the previous school year). The chemistry teacher organising this pilot and marking each test
gave detailed suggestions how to improve the wording of the tasks and the marking instructions
based on her experiences. T2 test and their marking instructions were further revised in response to
results of the trial before they were filled in by the pupils participating in the sample.

Participating teachers had not seen Test 2 before piloting the six student worksheets of the
school year. The aim was to ensure that the tasks in Test 2 did not subconsciously influence teachers'
teaching behaviour, which could have affected pupils' responses to the test questions.

The test scores of Groups 2 and 3 were compared with those of Group 1 (control group) to
eliminate the risk of maturation (Shadish et al., 2002).
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Data Collection

The number (N) completing all three tests (T0, T1 and T2) in each group is as follows: Group
1: 242; Group 2: 273; Group 3: 241, altogether 756. Following the incompletion of a test, that pupil was
excluded from the analysis and future tests. Further, two entire classes no longer participated in the
second year of the research because their teachers resigned, and the new teachers did not volunteer to
continue working in our research team.
The following data were collected and analysed statistically:

e Total scores for Test 0, Test 1 and Test 2.

e Scores for EDS tasks Test 0, Test 1 and Test 2.

e Scores for DCK tasks Test 0, Test 1 and Test 2.

e Gender.

e School ranking. The student’s school ranking amongst Hungarian secondary schools,
according to the website ‘legjobbiskola.hu’. The participating schools were grouped into high,
medium, and low-ranking categories and a categorical variable was used according to these
three levels. This allowed a statistical assessment of the impact of participating schools
“quality” on the development of the pupils’ knowledge and skills.

e Mother’s education. Two categories were formed depending on whether or not the student’s
mother (or guardian) had a degree in higher education. This categorical variable was intended
to characterise the student’s socioeconomic status.

Statistical Methods

In constructing the three groups, care was taken to ensure that they did not differ in terms of
the previous knowledge (measured by Test 0) and neither of the hypothesised parameters (school
ranking, mother's education, gender). This was checked by a chi-square test.

Cronbach’s alpha values (Cronbach & Meehl, 1955) for the three tests were acceptable: 0.742
for TO test, 0.692 for T1 test and 0.694 for T2 test.

Statistical analysis of data was done by the SPSS Statistics software. ANOVA and ANCOVA
analyses were also performed. According to Howell (2012), ANCOVA can be used to adjust for the
initial difference and to reflect the effect on the dependent variable. Raw mean scores (before
ANCOVA analysis) and their standard deviations (SD) for the three groups were calculated for all the
three tests (TO, T1 and T2) in the whole test (TOTAL’), the DCK tasks and the EDS tasks. The effect of
the intervention on the development of the experimental groups (Group 2 and Group 3) was shown
by the Cohen’s d effect size (Cohen, 1988). The Cohen’s d effect size values were calculated taking into
consideration the means and standard deviations of the three types of difference between the three
test scores (T1 —TO, T2 — T1 and T2 - TO).

Although the Cohen's d effect size can be used to characterise the effect of development, it was
assumed that apart from the three types of instructional methods used during the intervention for
Group 1, 2 and 3, other hypothesised parameters (school ranking, mother’s education, gender) and a
covariate (prior knowledge, i.e. student scores for TO test) had also influenced the results. Therefore,
the statistical analysis of data was also accomplished by analysis of covariance (ANCOVA) to examine
the effect in more detail. Effect sizes in the ANCOVA analysis were characterised by the calculated
Partial Eta Squared (PES) values. In the case of multiple comparisons Bonferroni correction was
applied. While testing the differences among groups and sub-groups, a significance value of p<0.05
was applied. However, a significance value of p<0.025 was used in the comparison of the results of
Test 0 and Test 1, Test 1 and Test 2, Test 0 and Test 2, respectively (according to the Bonferroni
correction).

It has also been considered that the results may be biased by the number of chemistry lessons
per week that the groups of students in the sample have. Therefore, an ANCOVA analysis was
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conducted in which the sum of the number of chemistry lessons per week was also a covariate.
However, the resulting PES values varied between 0.000-0.003 and were not significant.

Findings

According to the chi-squared test, there is no significant difference in the composition
of the groups with respect to mother’s education [X? (2, N = 756) = 2.844, p = 0.241)] and gender
[X2 (2, N="756) =2.523, p = 0.283)]. However, there is a significant difference in the composition
of the groups with respect to school ranking [X? (4, N = 756) =13.86, p = 0.008)], as the difference
is significant between Group 1 and Group 3 [X? (2, N = 517) =11.81, p = 0.003)]. This may be
mainly due to the fact that Group 3 has a higher proportion in high ranking schools and a
lower proportion of pupils in medium ranking schools than the other two groups.

Table 3 shows the raw mean scores, prior to ANCOVA analysis, and their standard
deviations (SD) for the three groups for the TO test for the whole test (“TOTAL”), the DCK
tasks (“DCK”), the EDS tasks (“EDS”) and the results of the ANOVA analysis. High standard
deviations show that the sample was very heterogeneous according to their knowledge and
skills as measured by the tests. ANOVA analysis revealed no significant difference between
groups in the performance of either TOtorar or TObck or TOeps.

Table 3
The means of scores and their sd-s for the whole test (“total”), the dck tasks and the eds tasks of t0 and the

results of the anova analysis (n=756)

Group TOroraL (SD)* TObck (SD)** TOeps (SD)**
Group 1 11.39 (3.76) 5.57 (1.77) 5.82 (2.64)
Group 2 11.47 (3.21) 5.65 (1.76) 5.82 (2.40)
Group 3 11.04 (3.55) 5.54 (1.69) 5.51 (2.57)
F(2, N=756) 1.05 0.287 125

p 0.350 0.750 0.286

Sign. - - -

Note: *Maximum scores: 18; **: Maximum scores: 9

Table 4 shows the mean raw scores, their standard deviations and the results of the
ANOVA analysis for the three groups for T1 test. In all cases, the average raw scores for T1
were lower than for TO tasks. This is understandable, as the knowledge and skills measured by
T1 (and T2) were different to those measured by TO. (The three tests contained different tasks
for the reasons explained earlier under the heading “Validity”). There is a significant
difference among the performance of groups in Tltorar, Tlock and Tleps. The achievement of
Group 3 exceeded that of the other two groups in the end of the first year (Grade 7) of this
project., whereas Group 2 performed worse in T1 (because they scored significantly lower in
Tlock) than the control group (Group 1) and the other experimental group (Group 3). These
results are consistent with previously published trends (Szalay et al., 2023).
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Table 4
The means of scores and their sd-s for the whole test (“total”), the dck tasks and the eds tasks of t1 and the

results of the anova analysis (n=756)

Group TlroraL (SD)* Tlpck (SD)** T1eps (SD)**
Group 1 9.16 (3.66) 4.52 (2.14) 4.64 (2.15)
Group 2 8.55 (3.15) 4.04 (1.71) 4.50 (2.08)
Group 3 9.94 (3.40) 4.55 (2.00) 5.39 (2.11)
F(2, N=756) 10.75 5.50 12.68

4 0.000 0.004 0.000

Sign. 2<1<3 2<1,3 1,2<3

Note: *Maximum scores: 18; **: Maximum scores: 9

Table 5 shows the mean raw scores and their standard deviations for the three groups for T2
test. Group 3 again outperformed the other two groups at the end of the second year of the
project (Grade 8) in the experimental design tasks (T2eps) and thus in the whole test (T2rtorat).
There was no significant difference between Group 2 and Group 1 in the results of the T2 test
(T2roraL) and its sub-tests (T2pck and T2eps).

Table 5
the means of scores and their sd-s for the whole test (“total”), the dck tasks and the eds tasks of t2 and the results

of the anova analysis (n=756)

Group T2totaL (SD)* T2pck (SD)** T2eps (SD)**
Group 1 9.12 (3.36) 3.33 (2.05) 5.79 (2.03)
Group 2 9.53 (3.06) 3.60 (1.95) 5.92 (1.89)
Group 3 9.79 (3.17) 3.64 (2.18) 6.15 (1.85)
F(2, N=756) 2.73 1.61 227

P 0.066 0.201 0.104

Sign. 1<3 - 1<3

Note: *Maximum scores: 18; **: Maximum scores: 9

For further analysis, the dependent variable was the difference between the three test scores
(T1-TO; T2 - T1 and T2 — TO). Based on the means and standard deviations of the differences between
the three test scores (T1 — TO; T2 — T1 and T2 — T0), Cohen's d effect size values were also calculated
that are presented in Table 15 in Appendix. These results clearly show that Group 2 developed better
than the other two groups, especially in DCK tasks in the second year of the project. However, when
comparing the results of the three groups over the first two years, the change in performance of Group
3 was still significantly better than the performance in the other two groups in the EDS tasks.

Previous experience had shown that performance can depend on several factors, not only on
the intervention. Therefore, an ANCOVA analysis was conducted with test scores as the dependent
variable. Group (the type of instruction methods), school ranking, mother's education and gender
were the parameters. The covariate was prior knowledge (TO test scores). This was also necessary
because, after the two classes were omitted from the project in the second year, there was a significant
difference in the composition of the groups in terms of school ranking. This adjustment can clarify the
treatment effect in a research study. Partial Eta Squared (PES) values characterising the effect sizes are
shown in Table 6-8.

Initially, as published earlier (Szalay et al., 2023) it was mainly the school ranking and, to a
lesser extent, in the DCK tasks, the mother's education that had a significant effect on the scores. After
the intervention in the first year (in the T1 test), three parameters were found to have significant effect
sizes (PES) on the changes for the whole test and both sub-tests: group, school ranking and prior
knowledge. Of these, prior knowledge had the largest effect size on the whole test (Table 6) and in the
EDS tasks (Table 8). School ranking, however, had more effect in the DCK tasks than in the EDS tasks,
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while the instruction methods (“Group”) appeared to have more effect on performance in the EDS
tasks than in the DCK tasks.

In the end of the second school year (in the T2 test), the same three parameters still seem to be
important in the whole test (Table 6). However, only prior knowledge had a significant effect on
changes in DCK tasks (Table 7). As for the changes in the EDS tasks in the second year, mother's
education showed a significant but small effect. Among the other three parameters, school ranking
had the largest and instruction methods ("Group") had the smallest effect size (Table 8).

Table 6
The effects of the assumed parameters (sources) and the covariate (prior knowledge, tOtwa) on the changes for the

whole test (“total”) in the beginning of the project (t0), in the end of grade 7 (t1) and in the end of grade 8 (12)

(n=756)
Parameter PES (Partial Eta Squared)

(Source) TOtoraL TltoraL T2toraL
Group 0.005 0.042* 0.012*
School ranking 0.109* 0.046* 0.009*
Mother’s education 0.010* 0.004 0.001
Gender 0.006 0.000 0.000
Prior knowledge (TOtorar) - 0.136* 0.102*

* Note: * Significant at p < 0.025 level (Bonferroni correction)

Table 7
The effects of the assumed parameters (sources) and the covariate (prior knowledge, t0ack) on the changes for the

dck tasks (“dck”) in the beginning of the project (t0), in the end of grade 7 (t1) and in the end of grade 8 (t2)

(n=756)
Parameter PES (Partial Eta Squared)

(Source) TOpcx Tlpck T2pcx
Group 0.001 0.018* 0.004
School ranking 0.033* 0.079* 0.001
Mother’s education 0.021* 0.002 0.002
Gender 0.009* 0.000 0.001
Prior knowledge (TObck) - 0.053* 0.049*

Note: * Significant at p < 0.025 level (Bonferroni correction)
Table 8
The effects of the assumed parameters (sources) and the covariate (prior knowledge, t0 «is) on the changes for the

eds tasks (“eds”) in the beginning of the project (10), in the end of grade 7 (t1) and in the end of grade 8 (t2)

(n=756)
Parameter PES (Partial Eta Squared)

(Source) TOeps T1leps T2eps
Group 0.006 0.040* 0.011*
School ranking 0.113* 0.023* 0.059*
Mother’s education 0.001 0.005 0.010*
Gender 0.001 0.001 0.002
Prior knowledge (TOeps) - 0.070* 0.045*

Note: * Significant at p < 0.025 level (Bonferroni correction)

The effects of the assumed parameters “Group” and “School ranking” estimated by the model of
the ANCOVA analysis (absolute mean scores) for the whole test, the DCK tasks and the EDS tasks, as
well as the significance of their differences for the three tests are shown in the Tables 16-17 in
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Appendix. These data show that there is no significant difference among the achievement of the three
groups in the DCK sub-test of T2 (Table 16). However, Group 3 significantly outperformed the control
group in the EDS tasks in the first two years.

The relative estimated average scores (ratios of the estimated mean scores of the experimental
groups compared to that of the control group’s) for the whole test and for the sub-tests in the
beginning of the project (Grade 7, TO) are shown in Table 9, in the end of first school year (Grade 7, T1)
in Table 10 and in the end of second school year (Grade 8, T2) in Table 11.

Table 9
The estimated mean scores of the experimental groups divided by the estimated mean scores of the control group

for the whole test (“total”), in the dck tasks (“dck”) and eds tasks (“eds”) in test 0 (n=756)

Ratio TOroraL TOpck TOeps
Group 2 / Group 1 1.00 1.01 1.00
Group 3 / Group 1 0.96 0.99 0.93

The data in Table 10 show that, taking the changes in DCK tasks into account, Group 2
performed poorly at the end of the first year compared with the other two groups (Szalay et al., 2023).

Table 10
The estimated mean scores of the experimental groups divided by the estimated mean scores of the control group

for the whole test (“total”), in the dck tasks (“dck”) and eds tasks (“eds”) in test 1 (n=756)

Ratio TlroraL T1pck T1eps
Group 2 / Group 1 0.93 0.89 0.97
Group 3 / Group 1 1.10 1.00 1.17

However, at the end of the second year (Table 11), the ratio of DCK scores was almost the
same in both experimental groups. A significant increase in the performance in the EDS tasks was
observed in Group 3 at the end of the first year (Table 10, Szalay et al., 2023). At the end of the second
year, both experimental groups performed better in the EDS tasks than the control group, but Group 3
still achieved better results than Group 2 (Table 11).

Table 11
The estimated mean scores of the experimental groups divided by the estimated mean scores of the control group

for the whole test (“total”), in the dck tasks (“dck”) and eds tasks (“eds”) in test 2 (n=756)

Ratio T2rorAL T2pck T2Eps
Group 2 / Group 1 1.04 1.07 1.03
Group 3/ Group 1 1.09 1.08 1.08

Next, an ANCOVA analysis was conducted with the changes in test scores (T1 — TO, T2 — T1,
T2 — T0) as the dependent variables, group (instruction methods), school ranking, mother's education,
and student's gender as the parameters, and the student's prior knowledge (TO test scores) as the
covariate. The results of that ANCOVA analysis are presented in Table 18 in Appendix. These data
also show that, among the assumed parameters, mostly the group (type of instruction methods), school
ranking and prior knowledge had a significant effect on pupils' performance on the tests. The values
estimated by the ANCOVA model showing the effect of the assumed parameters on changes in their
performance in the whole tests and sub-tests are shown in the Tables 19-22 in Appendix. Table 19 in
Appendix shows that there was no significant difference among the three groups in the development
of DCK tasks in the first two years of the project. However, Group 3 performed significantly better in
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the EDS tasks than the control group during this period. In the second year of this project, school
ranking had a significant effect on scores (Appendix, Table 20). It is interesting to note, however, that
the higher the school rank, the lower the change in performance in terms of scores in the DCK tasks in
the second year, while in terms of changes in scores in the EDS tasks, students from low-ranking
schools performed significantly worse than students from medium- and high-ranking schools. It
might also be noteworthy that students with a graduate mother showed weaker progress in the
second year in the DCK sub-test than the others, but better progress in the EDS sub-test during the
two years (Appendix, Table 21). No significant difference was found between the changes in boys' and
girls' performance at any time or in any type of test scores (Appendix, Table 22).

The Cohen's d effect size values calculated by the ANCOVA model from the estimated
changes in students' performance in the tests are presented in Table 12 for the whole test, Table 13 for
the DCK tasks and Table 14 for the EDS tasks.

Table 12
Cohen’s d effect size values calculated by the ancova model from the estimated changes in students’ performance

on the tests for the whole test (“total”) (n=756)

Cohen's d T1rorar — TOToTAL T2toraL — T1toTaL T2toraL — TOtoTAL
Group 2 / Group 1 -0.19 0.27 0.12
Group 3 / Group 1 0.25 -0.01 0.24
Group 3 / Group 2 0.44 -0.28 0.12
Table 13

Cohen’s d effect size values calculated by the ancova model from the estimated changes in students’ performance

on the tests for the dck tasks (“dck”) (n=756)

Cohen's d T1pck— TObck T2pck — Tlbck T2pck — TObck
Group 2 / Group 1 -0.24 0.28 0.10
Group 3 / Group 1 0.01 0.10 0.12
Group 3 / Group 2 0.24 -0.18 0.02
Table 14

Cohen's d effect size values calculated by the ancova model from the estimated changes in students’ performance

on the tests for the eds tasks (“eds”) (n=756)

Cohen's d T1eps — TOeps T2eps — T1eps T2eps — TOeDs

Group 2 / Group 1 -0.07 0.13 0.09

Group 3 / Group 1 0.34 -0.12 0.23

Group 3 / Group 2 0.41 -0.26 0.14
Discussion

Based on these data, it appears that Group 2 had caught up with Group 3 in the second year in
terms of a positive, but quite small, change in performance in DCK tasks compared to that of the
control group's (Table 13). Group 2 also improved better than the control group in terms of
performance in the EDS tasks in the second year (Table 14). However, over the two years, Group 3 of
the two experimental groups still developed better in the EDS tasks than Group 2. It appears,
therefore, that both using the questions while designing the experiments to be carried out (for Group
3) and answering the questions after carrying out the step-by-step experiments (for Group 2) can help
students to achieve better results in the EDS tasks but using the questions to help to design the
experiments in practice (Group 3) still produced better results in long term. Changes in EDS were
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higher than changes in DCK. These results are in line with Bredderman (1983), who reported that the
use of inquiry-based methods had a greater effect on science process than on science content.

These results might have been caused by the different treatments of the two groups. Group 2
students did not have to plan experiments. Those classes had to discuss with their teacher why the
experiments were designed as they were (according to the questions on their worksheets). This could
be seen as a “theoretical” method for learning about experimental design, which might take longer for
students to realise how to apply it in practice, which could have happened by the end of the second
year. We can fully support Potier's (2023) claim that the skills needed to succeed with guided inquiry
approaches take time to develop. On the other hand, Group 3 had to design experiments, in teams,
while they were answering questions helping to learn experimental design. This can be seen as a
direct “practical” way of learning experimental design. This may be the reason why it made an impact
in the first year and had a significant positive effect on the experimental design skills by the end of the
two years period. The treatment of Group 3 is similar to that of the “critical thinking” pre-laboratory
group described by van Brederode et al. (2020). On the other hand, the treatment of Group 2 resembles
to the “paved road” pre-laboratory group of the same study. The present findings show that the
intervention for Group 3 produced better results, as was the case for the “critical thinking” group.
These results are also consistent with the study by Tseng et al. (2022), where evaluative reflection on
peers' experimental designs improved students' scientific inquiry performance in formulating research
questions and designing experimental procedures more than the recognition of variables in designing
experimental procedures. The present findings seem to support Matthews' (2018) claim too that
learners can gain meaningful insights into the construction of scientific knowledge through processes
of inquiry, reasoning and planning, but only if they are properly organised and reflected upon. The
findings in connection with Group 3 also support that adequate and appropriate scaffolds should be
provided for students coming from a traditional teaching style to successfully complete an
investigation task based on inquiry-based learning (Seery et al., 2019a).

The ANCOVA model calculations show that the mother’s education had only a weak
significant effect on the development of the experimental design skills in this project in the first two
years. This seems to contradict the Education and Training Monitor (2020) report, which shows that
socio-economic background is a strong predictor of student performance. This can be explained by the
fact that the sample of the present study is not representative of the cohort, as these pupils had gone
through a very tough selection process when they took the entrance exam to their current school.

School ranking is still an important parameter according to the present results, as it had a
significant impact on EDS scores in both years. This is understandable, as Siegler et al. (2010) argue
that school is the microsystem that, alongside the family environment, has the strongest influence on
youngsters’ development. Within this context, the interaction between teachers and learners has a
profound influence on pupils' motivation towards chemistry as a subject.

The gender still did not seem to have any significant effect on the achievement in any type of
the test scores in the present study. This is in line with the results of other authors, who did not find
any significant difference in students’ acquisition of science process skills (SPSs) with respect to
gender (Ofoegbu, 1984, Walters & Soyibo, 2001; Boytiik et al., 2011; Giiden & Timur, 2016). However,
Tosun’s (2019) study revealed that the most important predictive variables on SPS level were gender,
grade level and mothers’ education level from the examined demographical features. Onukwo (1995)
also found a significant gender difference in the levels of SPS.

The means of the T1 test scores estimated by the ANCOVA model at the end of the first year
(Szalay et al., 2023) and the means of the T1 test scores estimated by the ANCOVA model at the end of
the second year (after the sample composition changed) were compared. The difference was found to
be very small, ranging from 0.2 to 3.6%, with an average difference of 2.0%. Thus, it seems that the
changes in the composition of the groups were handled well by this analysis.
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Conclusion and Implications
Summary of the Results and Answers to the Research Questions

The statistical analysis of the results measured at the end of the second year of the present
four-year project showed similar results to those measured at the end of the first year, in the sense that
four of the assumed parameters had a significant effect on the Grade 8 pupils” scores in the tasks
intending to measure the experimental design skills: the intervention, the school ranking, the prior
knowledge and, to a much lesser extent, the mother’s education. Of these four, school ranking seemed
to have the biggest impact on performance in the second year. Prior knowledge, which had the
highest PES value at the end of the first year, still appears to have a larger effect than the intervention.
The intervention did not seem to have a significant effect on scores in the tasks measuring disciplinary
content knowledge at the end of the second year of the project.

The answers to the research questions are as follows.

RQ1: By the end of the second year, the intervention resulted in a significant positive change
in the experimental design skills (EDS) of Group 3 participants compared to the control group (Group
1), as measured by the tests (Cohen's d: 0.23). It is reasonable to assume that this was due to the fact
that the Group 3 worksheets included questions to support experimental design. Although the change
in the performance of Group 2 in EDS tasks by the end of the second year was also positive compared
to that of the control group’s (Cohen's d: 0.09), it was not found significant.

RQ2: By the end of the second year of the present project, no significant difference in the
change in disciplinary content knowledge (DCK) among the three groups could be measured (Cohen's
d for Group 2: 0.10 and Group 3: 0.12, respectively).

RQ3: No statistically significant difference was found between the mean scores of the two
experimental groups, considering the extent to which their experimental design skills developed
during the first two years of the project (Cohen's d: 0.14).

It should be noted that in the first year, the change in performance of Group 3 on the EDS
tasks was significantly better than the change in performance of Group 2 students (Cohen's d: 0.41). In
the second year, however, this trend was reversed, and Group 2 improved better than Group 3
(Cohen's d: -0.26).

Currently, the use of the Group 3 worksheets and similar experimental design tasks using the
set of questions can be relatively confidently recommended to practising teachers. However, since
Group 2 in the second year of the project performed significantly better than the Group 3 in the EDS
tasks of the test, it may be useful for colleagues who are reluctant to teach the experimental design
directly to try using the worksheets for Group 2 and to have their pupils answer the questions after
completing the step-by-step experiments.

Limitations

Compared to the previous year's sample size, the number of participants decreased. This was
due to the two missing full classes and many pupils missing from other classes at the time of the T2
test. This is unfortunate, but the reasons mentioned earlier were beyond the control of the research
team.

The sample was not representative of the examined cohort of learners (Grade 8, 13-14 years
old). Rather, it was representative of higher achieving students, as they were selected by entrance
exams to the participating schools. The reason for this is that the pupils have to stay in the same school
for the four years of the project. This only allows those from schools that teach chemistry as a separate
subject from Grade 7 to Grade 10 to participate.

No single study can evaluate every variable and every theoretical relationship underlying an
instructional model (Mack et al., 2019). In addition, the instruments used (40 minutes paper-based
tests) could only provide a limited picture of how pupils had benefited from the interventions. As
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reading comprehension is key to performance in science (Neri et al., 2021), it may have also influenced
the results.

Performance on any assessment is at least partially driven by the learners” motivation for
success on the measure and test taking abilities (Cannady et al., 2019). There is a well-documented
positive relationship between affective dimensions (and within these, attitudes, motivation and
interest) and academic performance in chemistry (e.g. Wang & Lewis, 2022). This is a particular
problem when it comes to measuring change in longitudinal studies such as this one, as learners’
motivation to learn science often declines as they move from one grade to the next (Schunk et al., 2014;
Vedder-Weiss & Fortus, 2011; Vedder-Weiss & Fortus, 2013). Although the research team tried to find
contexts that were likely to be of interest to the learners (see Table 1 in Appendix), probably not
everyone was equally engaged.

This research will continue for two more years, following the same research model. It is
possible that different results or even different trend changes may be observed in the coming years.
There are many random events that can affect the final data. Although the relatively large sample size
should compensate for most of these, we can never be absolutely sure (Lawrie, 2021).

Implications

The trends in the development of the two experimental groups in the second year of the
project were different from those observed in the first year (Szalay et al., 2023). The experimental
design skills of Group 2 seemed to improve significantly more than that of the Group 3 in the second
year, while the reverse was true in the first year. From the start of the project to the end of the second
year, however, still only Group 3 showed significantly more improvement in experimental design
skills than the control group. Therefore, the current results still show that it is probably useful to base
practical activities on designing experiments by answering questions to help them through the
process. This is because significantly more pupils in Group 3 than in Group 1 seemed to have
understood how to do a fair test correctly during the two years of the project. The usefulness of an
experimental design plan, a simplified version of the one described by Cothron et al. (2000) seemed to
be still justified. When no such scaffolding was used, in the first year of the previous longitudinal
study, the development of EDS was not detectable by the tests (Szalay et al., 2020). This is in
agreement with Baird’s view (1990) that purposeful inquiry does not happen spontaneously — it must
be learned. It is also interesting to note that providing scaffolding in problem-based learning also had
a positive impact on creative thinking even at university level (Ernawati et al., 2023). Similar to the
results published by other authors (e.g. Reynders et al., 2019), the results of the first two years of the
present project suggest that school learners need further support to understand the skills of cognitive
processes and to see how these skills manifest in their laboratory work. This might help to alleviate
their cognitive load.

Social variables, prior knowledge and “school effects” (including the teacher's effect), which
the literature (e.g. Snook et al., 2009) considers as variables affecting performance, were also found to
be important in both years of this research.
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Appendix

Table 1

Topics and context of the worksheets and teacher guides used in the school year 2022/2023

No Topic Experiments that Group 1 and Group 2 Context and elements of systems thinking in the
pupils had to do following step-by-step “Let’s think!” parts for motivation purposes. These
instructions, but Group 3 pupils had to are the same on the student worksheets of all the
design before doing the experiment three groups.

7. Reactivity Pupils are given household hydrochloric Unlike the oxide layer on the surface of aluminium,
series of acid, a piece of copper wire, a piece of the rust that forms on the surface of iron cannot
metals and aluminium foil, 2 test tubes or other protect it from the environment because it does not
hydrogen, containers and tweezers. form a solid protective layer. Therefore, iron must be
(redox Group 3 pupils have to design experiments protected from rusting, for example by metal
reaction, to find out whether copper and aluminium coatings made of tin or zinc. Pupils have to decide
electron are on the left or right side of hydrogen in (using the reactivity series) whether such coatings
transfer) .. . . . .

the reactivity series. They are told that the can (theoretically) be produced by immersing the
metals and hydrogen are positioned in the iron sheet in a solution containing tin (II) ions or zinc
reactivity series in the order of decreasing ions.
reducing power, from left to right.

8. Hardness of Pupils are given mineral water with high 1. According to several websites, commonly used

water, use of

calcium ion content, trisodium phosphate,

household baking soda (NaHCOs) is also suitable for

water washing soda, soap solution, 3 test tubes water softening. After watching a video about the
softeners with stoppers, 2 beakers, a measuring experiment, pupils have to decide whether this is
(precipita- cylinder, 2 laboratory spoons, a Pasteur true or false.
tion pipette and a ruler. 2. Pupils are explained that carbon dioxide dissolves
reactions) Pupils watch a video to demonstrate the in water and reacts with calcium carbonate in
effect of cations that cause the hardness of limestone. This converts it into water-soluble
water by measuring the height of the soap calcium bicarbonate, forming hard water. When the
foam after shaking. Using a table that shows  hard water loses some of its carbon dioxide content,
which anions form precipitates with the the calcium carbonate precipitates as limescale or in
various cations, Group 3 pupils must work form of stalactites. Pupils have to work out which of
out which compounds could be used as these processes is favoured by a rise or fall in
water softener and show this by experiment.  temperature.

9. Modelling Pupils are given distilled water, a piece of Pupils are explained that slaked lime mixed with
industrial limestone, another piece of stone that is not sand and water forms mortar that can be used to fix
processes limestone, phenolphthalein solution, 3  bricks or plaster walls. In both cases, the slaked lime
(production beakers or glasses, a Pasteur pipette, binds carbon dioxide in the air while converting into
and use of tweezers, an alcohol burner and matches. calcium carbonate and producing water.
quicklime Pupils are explained how calcinated or Next, pupils have to decide whether water and
and slaked quicklime /Ca0O/ and slaked or hydrated carbon dioxide are used or produced in the different
lime) lime /Ca(OH)2/ are prepared of limestone. steps of the process of making and using slaked lime.

Pupils look at the reaction equations to
understand that slaked lime is an alkaline
substance. They then have to decide which
of the stones on the trays is limestone that
could be used to produce quicklime.

10. Modelling Pupils are given tap water, pulverized Pupils are explained that calcium carbonate is the
environ- limestone, sand, vinegar, red cabbage juice, 3 main component of limestone and the skeleton of
mental glasses, 2 Pasteur pipettes or eye droppers, 2 calcareous aquatic organisms because limestone was
processes (lab) spoons. formed from these organisms.

(acid base Pupils are explained that acid rain is mainly =~ Pupils are then asked to work out how acid rain

reactions, pH,
effects of acid
rain)

caused by the combustion of sulphur-
containing carbon. They then need to
investigate how the pH change in the lake
water caused by acid rain is affected by the
material (limestone or sandstone) on the
lakebed.

affects the living conditions of calcareous animals
(e.g. mussels, snails, corals) living in natural waters
and how this effect may be influenced by the amount
of sulphur-containing carbon burnt by humans.
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11. Modelling Pupils are given granulated sugar, glucose, Pupils are explained the dangers of diabetes when
qualitative birch sugar (xylitol), 3 test tubes, test-tube blood glucose levels are higher than 3.5-6 millimoles
analysis rack, alcohol or Bunsen burner, matches, per litre. They also read that insulin lowers blood
(nutrients, watch glass or ashtray. glucose levels. On the other hand, they learn that it is
health and Pupils are explained that sugars can be important to have enough glucose in the blood at all
diet) caramelized, and the topping of a famous times. In case of stress, when cells use up a lot of

cake is made of that shiny caramel. Pupils glucose from the blood, blood glucose level drops.
are then shown that it is written on a website ~ Glucose must then be replaced from the liver.

that a caramel cake topper for diabetics is Finally, using a few words and numbers given on the
made from birch sugar. Pupils have to worksheet, pupils should complete a diagram

decide whether this is true or false (i.e. showing how these opposing processes keep the
whether birch sugar is really sugar or not). blood glucose level within the range given.

12. Plastics - pros  Pupils are given 2 beakers/glasses with 100- ~ Pupils are told that in recent years more and more
and cons 100 cm? distilled water, 2 beakers/glasses parents are choosing washable nappies to protect the
(household with 0.1-0.1 g superabsorbent polymer environment. However, many people question

waste, raising

(SAP), 1 measuring cylinder, 1 glass rod, 1

whether these products are really environmentally

environ- stand with clamp and ring, 1 glass funnel, 2 friendly, for example because of the potential waste

mental filter papers, 1 (lab) spoon, of water during washing.

awareness) stopwatch/mobile phone with stopwatch Pupils are given data to calculate whether using
function, 1 g sodium chloride. washable nappies requires more or less water than
Pupils are told that superabsorbent polymers  disposable nappies, generates more or less waste and
(abbreviated as "SAP") used in disposable is therefore a more or less environmentally friendly
paper nappies and sanitary pads are choice. They should also calculate which is more
nowadays considered by many people cost-effective. Finally, they have to decide which
indispensable. These plastics can absorb up option they would choose.
to several hundred times their weight in
various water-containing liquids. Then
pupils have to determine whether the SAP in
nappies and pads can absorb larger volumes
of distilled water or body fluids such as
urine or blood.

Table 15

The Cohen’s d Effect Size Values Calculated from the Means and Standard Deviations of the Differences

Between the Test Scores (T1 - TO; T2-T1 and T2-TO0) for the Whole Test (“TOTAL”), the DCK Tasks (“”) and

the EDS Tasks ("EDS”) (N=756)

TOTAL DCK EDS
T1-T0 T2-T1 T2-T0 T1-T0 T2-T1 T2-TO0O T1-T0O T2-T1 T2-TO
Group 2/ Group 1 -0.19 0.29 0.09 -0.25 0.34 0.09 -0.05 0.12 0.05
Group 3 / Group 1 0.32 -0.03 0.26 0.06 0.11 0.14 0.40 -0.16 0.26
Group 3 / Group 2 0.51 -0.25 0.19 0.28 -0.20 0.06 0.44 -0.31 0.21
Table 16

The Effects of the Assumed Parameter “Group” (Instruction Methods) Estimated by the Model of the ANCOVA

Analysis (Absolute Mean Scores) for the Whole Test (“TOTAL”), the DCK Tasks (“DCK”), the EDS Tasks

(“EDS”) and the Significance of their Differences for the Three Tests (N=756)

Group TOrorAL TlroraL T2roTAL TOpck Tl1pck T2pck  TOeps T1eps T2EDs
Group 1 11.01 8.90 9.00 5.32 4.40 3.43 5.69 4.47 5.55
Group 2 11.06 8.26 9.40 5.37 3.91 3.66 5.69 4.32 5.73
Group 3 10.55 9.75 9.0 5.25 441 3.71 5.311 5.24 6.02
Significant difference* - 2<1<3 1<3 - 2<1,3 - - 1,2<3 1<3

Note: * p<0.05
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Table 17

The Effects of the Assumed Parameter “School Ranking” Estimated by the Model of the ANCOVA Analysis
(Absolute Mean Scores) for the Whole Test (“TOTAL”), the DCK Tasks (“DCK”), the EDS Tasks ("EDS”) and
the Significance of their Differences for the Three Tests (N=756)

School ranking TOrorAL TlroraL  T2torAL TObck Tlbck T2pck TOeps T1eps T2eps

1. Low 9.76 8.30 8.98 5.13 3.64 3.69 4.63 447 5.11

2. Medium 10.43 8.70 9.50 5.06 415 3.51 5.37 444 5.91

3. High 12.43 9.91 9.73 5.74 494 3.61 6.69 5.12 6.27
_Signiﬁcantdifference* 1<2<3 1,2<3 1<3 1,2<3 1<2<3 - 1<2<3 1,2<3 1<2<3

Note: * p<0.05

Table 18

The Effects of the Assumed Parameters (Sources) and the Covariate (“Prior Knowledge”, T0) on the Changes in
Test Scores (T1 - T0, T2 - T1, T2 - TO0) for the Whole Test (“TOTAL"), the DCK Tasks (“DCK”) and the EDS
Tasks (“EDS”) in the Beginning of the Project (T0), in the End of Grade 7 (T1) and in the End of Grade 8 (T2)

(N=756)
Parameter PES (Partial Eta Squared)
(Source) TOTAL DCK EDS

T1-T0 T2-T1 T2-T0 T1-T0 T2-T1 T2-TO0O T1-TO T2-T1 T2-TO
Group 0.042* 0.023* 0.012* 0.018* 0.018* 0.004 0.040% 0.014* 0.014*
School ranking 0.046* 0.015* 0.009 0.079* 0.057* 0.001 0.023* 0.019* 0.059*
Mother’s education 0.004 0.001 0.001 0.002 0.006 0.002 0.005* 0.000 0.010*
Gender 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.003 0.002

Prior knowledge (T0)  0.333* 0.003 0.365;  0.335* 0.000 0.270*  0.464* 0.005 0.565*
Note: * Significant at p < 0.025 level (Bonferroni correction

Table 19

The Values Estimated by the ANCOVA Model Showing the Effect of the Assumed Parameter “Group”
(Instruction Methods) on Changes in Performance (T1 — 10, T2 — T1, T2 — TO) for the Whole Test (“"TOTAL"),
the DCK Tasks (“DCK”) and the EDS Tasks (“EDS”) (N=756)

Group T1roTAL — T2roTAL — T2roTAL — Tlpck — T2pck — T2pck — T1eps — T2EDs — T2Eps —
TOroTAL TltoraL TOtoTAL TObck Tlbck TObck TOeps T1eps TOeps
Group 1 -2.40 0.09 -2.31 -1.19 -0.97 -2.16 -1.25 1.08 -0.17
Group 2 -3.05 1.15 -1.90 -1.67 -0.25 -1.92 -1.40 141 0.01
Group 3 -1.56 0.05 -1.51 -1.18 -0.70 -1.88 -0.48 0.77 0.30
Significant 2<1<3 1,3<2 1<3 2<1,3 1,3<2 - 1,2<3 3<2 1<3
difference*

Note: * Significant at p < 0.025 level (Bonferroni correction)
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Table 20

The Values Estimated by the ANCOVA Model Showing the Effect of the Assumed Parameter “School Ranking”
on Changes in Performance (T1 — T0, T2 — T1, T2 — T0) for the Whole Test (“TOTAL”), the DCK Tasks
(“DCK”) and the EDS Tasks (“EDS”) (N=756)

School ranking T1roTAL — T2roTAL — T2roraL — Tlpck — T2pck — T2pck — T1eps — T2EDs — T2Eps —

TOtoraL TltoraL TOtoraL TObck Tlbck TObck TOeps T1eps TOeps
1. Low -3.01 0.68 -2.33 -1.95 0.05 -1.90 -1.25 0.64 -0.61
2. Medium -2.61 0.80 -1.81 -1.43 -0.64 -2.08 -1.28 1.47 0.19
3. High -1.40 -0.18 -1.58 -0.65 -1.33 -1.98 -0.48 1.15 0.55
Significant 1,2<3 3<1,2 1<3 1<2<3 3<2<1 - 1,2<3 1<2,3 1<2<3
difference*

* Note: * Significant at p < 0.025 level (Bonferroni correction)
Table 21
The Values Estimated by the ANCOVA Model Showing the Effect of the Assumed Parameter “Mother’s
Education” on Changes in Performance (T1 — 10, T2 — T1, T2 — T0) for the Whole Test (“TOTAL”), the DCK
Tasks (“DCK”) and the EDS Tasks (“EDS”) (N=756)

Mothers’ T1roraL — T2roraL — T2rorAL — Tlpck — T2pck — T2pck — Tleps—  T2eps—  T2eps—
education TOroraL T1roraL TOtoraL TOpck Tlbck TObck TOeps T1eps TOeps
1. No degree in -2.61 0.60 -2.01 -1.47 -0.40 -1.87 -1.24 1.04 -0.20
higher education
2. Has a degree in -2.07 0.26 -1.81 -1.22 -0.88 -2.10 -0.84 1.14 0.29
higher education
Significant - - - - 2<1 - - - 1<2
difference*

Note: * Significant at p < 0.025 level (Bonferroni correction)

Table 22

The Values Estimated by the ANCOVA Model Showing the Effect of the Assumed Parameter “Gender” on
Changes in Performance (T1 — T0, T2 — T1, T2 — TO) for the Whole Test (“TOTAL”), the DCK Tasks (“DCK”)
and the EDS Tasks ("EDS”) (N=756)

Gender T1roraL — T2roraL — T2rorAL — Tlpck — T2pck — T2pck — T1eps — T2EDs — T2Eps —
TOtoraL T1roraL TOtoraL TOpck Tlpck TObck TOeps T1eps TOeps
1. Boy -2.29 0.35 -1.95 -1.32 -0.61 -1.93 -0.99 0.97 --0.03
2. Girl -2.38 0.52 -1.87 -1.37 -0.66 -2.04 -1.09 1.21 0.12
Significant - - - - - - - - -
difference*

Note: * Significant at p < 0.025 level (Bonferroni correction)
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