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Abstract

In biology education, it is essential to systematically develop pupils’ inquiry skills, with
a particular focus not only on their procedural component but also on understanding their
scientific nature. However, conventional tests do not provide a comprehensive view of the
pupils’” acquired inquiry skills. For this reason, it is necessary to explore new approaches to
assess them and provide deeper insights into pupils’ thinking when solving various items
through scientific methods. One perspective instrument can be a four-tier test, which has
become increasingly popular among researchers. Nevertheless, it has more often been
applied to assess conceptual understanding of knowledge rather than inquiry skills. How-
ever, the results of our research indicate that the four-tier test represents a valid and reli-
able instrument that provides more objective results in contrast to the one-tier and two-tier
multiple-choice tests, which significantly overestimate the pupils’ mean score, and in the
case of the two-tier test, also overestimate the mean frequency of pupils’ misconceptions
associated with the application of inquiry skills. In addition, using the four-tier test, we
identified frequent misconceptions among pupils associated with skills such as designing
experiments, identifying variables, and formulating research questions. These findings can
contribute to preventing or eliminating these misconceptions in biology education. Overall,
the results show that the four-tier test can provide more detailed information about pupils’
difficulties and problems, which can help us find more effective strategies for their develop-
ment in biology education.
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1 Introduction

Many countries have focused on the systematic implementation of inquiry into school
practice as part of their curriculum reforms (Wang et al., 2015) to increase the level of
pupils’ scientific literacy (Iskandar et al., 2019; Wen et al., 2020; Yuliati et al., 2021).
However, if pupils want to be able to conduct inquiry activities, it is essential that they
acquire inquiry skills that will enable them to discover the world of science and scientific
work (Harrison, 2014; Wang et al., 2015), understand it and make relevant, informed and
scientifically based decisions that they will be able to apply in future professions and in
solving problems in daily life (Harrison, 2014). According to Kruit et al. (2018a), however,
precisely defining the term inquiry skill is challenging because it is associated with vari-
ous related terms, such as science skills (Kruit et al., 2018a), investigation skills (Harlen &
Qualter, 2009), or intellectual skills (Wu & Hsieh, 2006). Some authors also equate inquiry
skills with science process skills, considering both terms as synonyms (e.g., O'Connor &
Rosicka, 2020; Feyzioglu, 2019; Song, 2016). Aslan (2017) even equates these skills to the
twenty-first century skills because their acquisition is essential for pupils to succeed not
only in the academic environment but also in broader societal contexts. The literature also
presents various classifications of inquiry skills. Reiss and Abrahams (2015) differentiate
these skills into two categories according to their cognitive demands: process skills (e.g.,
observation, classification, planning, prediction, experimentation) and practical skills (e.g.,
titration, microscopy). van den Berg (2013), Fradd et al. (2001), Tamir and Lunetta (1981),
and Fuhrman (1978) classified skills according to the inquiry cycle (e.g., asking questions,
planning, conducting experiments, and analysing and interpreting data). On the other hand,
Wenning (2010) categorized inquiry skills into six categories based on the cognitive level
of pupils (rudimentary, basic, intermediate, integrated, culminating, and advanced skills).
In general, inquiry skills can be considered to arise from the inquiry cycle and reflect the
procedures and methods of scientific work (Arnold et al., 2013; van den Berg, 2013; Fradd
et al.,, 2001; Tamir & Lunetta, 1981; Fuhrman, 1978), which enable pupils (similarly to
scientists) to solve various research problems (Indri et al., 2020) by engaging in authentic
inquiry activities (Kruit et al., 2018a) that are appropriate to their age and cognitive abili-
ties (Wenning, 2005, 2010). However, the findings of numerous studies point to a relatively
low level of pupils’ inquiry skills across various educational levels (e.g., Cipkova et al.,
2026; Indri et al., 2020; Prahani et al., 2021; Sholihah et al., 2020a; Smida et al., 2024,
Tanti et al., 2020), which cannot be considered satisfactory. At the same time, it is neces-
sary to acknowledge that pupils are not born with inquiry skills, nor do they acquire them
spontaneously. Therefore, formal education should place systematic emphasis not only on
their development but also on the identification of potential learning difficulties and pupils’
errors that may hinder or even constrain their meaningful acquisition and subsequent prac-
tical application.

1.1 Inquiry Skills in Biology Education

Biology education offers a relatively broad range of topics in which various inquiry-based
activities can be implemented with pupils (Kremer et al., 2014). Through these activities,
pupils explore biological phenomena and processes, collect data, test hypotheses, and for-
mulate conclusions. For this reason, it is essential to systematically develop pupils’ inquiry
skills in biology lessons (Nunaki et al., 2020), beginning already at the primary school level
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(Cakir & Sarikaya, 2010; Wenning, 2010). This requirement is also reflected in numer-
ous curricular documents that shape educational content not only in science education in
general (e.g., Education Scotland, 2018; The New Zealand Curriculum, 2017; Alberta’s
Curriculum, 2014; NGSS Lead States, 2013; NRC, 2012), but also specifically in biology
education (e.g., MEYS, 2023; SEP, 2023), which is taught as a separate subject in some
countries. In addition, many other researchers have addressed this topic in biology educa-
tion (e.g., Artayasa et al., 2021; Asilevi et al., 2024; Bonus et al., 2024; Delgado-Iglesias
et al., 2024). Asilevi et al. (2024) found that inquiry-based activities have a more positive
effect on pupils’ perception of inquiry skills than the traditional teacher-centred approach,
which remains a relatively dominant teaching method in primary schools. Likewise, Del-
gado-Iglesias et al. (2024) point out that, with appropriate support and suitable pedagogical
intervention, systematic development of inquiry skills can occur even among younger pri-
mary school pupils. Bénus et al. (2024) also report a positive impact of digital game-based
and inquiry-based learning on the development of selected inquiry skills among Hungarian
primary school pupils. Despite these positive findings, various challenges related to the
development of inquiry skills persist (e.g., Farooq & Islam, 2023; Smida et al., 2024; Sub-
ali et al., 2019). Subali et al. (2019) note that inquiry skills are still not optimally developed
among pupils because: teachers tend to focus primarily on pupils’ performance in stand-
ardized tests, while other aspects of education are marginalized; or teachers lack sufficient
competencies or experience necessary for implementing inquiry-based activities. Further-
more, Farooq and Islam (2023) report that science teachers continue to emphasize content
knowledge rather than the development of pupils’ inquiry skills. These factors may conse-
quently have a negative impact on the development of pupils’ inquiry skills. Similarly, it is
important to consider that their development cannot be limited only to the procedural com-
ponent, because their application also depends on individual cognitive processes (Kruit
et al., 2018a). The implementation of inquiry activities requires the acquisition of certain
knowledge about inquiry skills, which are important for their implementation into practice
(Seeratan et al., 2020; Lou et al., 2015; Harlen, 2014). Students may be able to make obser-
vations, but they often lack a clear understanding of the rules or purpose of observation in
scientific research (Shahali et al., 2017), not only at the primary school level but even at
university (Emereole, 2008). As a result, their recorded observations may not be accurate.
The same approach can be applied to other skills as well. For instance, if we want pupils to
effectively formulate a research question or hypothesis, they must first understand the rules
and methods for doing so. Additionally, they need to learn the meanings of terms such as
dependent variable, independent variable, and constant variable.

1.2 Assessment of Inquiry Skills

The literature reports a relatively wide range of instruments designed to identify and assess
pupils’ inquiry skills at different educational levels (e.g. Cipkové & Karolcik, 2018; Gor-
mally et al., 2012; Sarioglu, 2023; Shahali & Halim, 2010; Smida et al., 2024; Temiz,
2020; Tosun, 2019; Wenning, 2006, 2007; Zeidan & Jayosi, 2015). Among the most fre-
quently used instruments for assessing the level of inquiry skills of primary and second-
ary school pupils are various written tests (Dahsah et al., 2017), as they are generally less
time-consuming to administer and score than interviews (Milenkovi¢ et al., 2016). As early
as 1965, Walbesser developed The Process Instrument, which was intended for primary
school pupils (Dillashaw & Okey, 1980). A few years later, Tannenbaum (1969) con-
structed the Test of Science Processes, which assessed the skills of students in Grades 7-9,
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including observing, comparing, classifying, quantifying, measuring, experimenting, infer-
ring, and predicting. McLeod et al. (1975) subsequently developed a test measuring four
skills (controlling variables, interpreting data, formulating hypotheses, and defining opera-
tionally), which was again intended for primary school pupils. Dillashaw and Okey (1980)
constructed the Test of Integrated Process Skills (TIPS) for students in Grades 7—12, meas-
uring skills associated with planning, conducting, and interpreting the results of investiga-
tions. Two years later, Tobin and Capie (1982) developed the Test of Integrated Science
Processes (TISP) for students in Grades 6-8, focusing on skills related to planning and con-
ducting investigations. Burns et al. (1985) later created the Test of Integrated Process Skills
II (TIPS II), again for pupils in Grades 7-12, with the aim of developing an additional set
of test items targeting the same set of skills assessed by Dillashaw and Okey (1980). How-
ever, the items in these tests were typically formulated within the context of science educa-
tion in general rather than specifically within the context of biology. An exception was the
Processes of Science Test developed in 1962, which was based on the Biological Sciences
Curriculum Study (BSCS) and whose items were oriented to biology (Dillashaw & Okey,
1980). However, the individual test items were subsequently further developed and modi-
fied and became the basis for many contemporary research instruments used at the primary
and secondary school levels, among which one-tier tests using multiple-choice items still
prevail. Nevertheless, these items are again formulated predominantly within the context of
general science (e.g., Shahali & Halim, 2010; Temiz, 2020; Zeidan & Jayosi, 2015), chem-
istry (e.g., Tosun, 2019; Feyzioglu et al., 2012), or physics (e.g., Wenning, 2006, 2007),
rather than within the context of biology itself. This may complicate their application in
countries where biology is taught as a separate subject at the primary school level. Addi-
tionally, one-tier tests with multiple-choice items are not very suitable due to the nature of
inquiry skills (Sarioglu, 2023) and their use also increases the risk of guessing the correct
answer (Habiddin & Page, 2019; Milenkovi¢ et al., 2016). These types of tests typically
assess whether pupils have acquired inquiry skills but usually do not assess whether pupils
understand the nature of those skills, because one-tier tests do not require pupils to justify
their answers, which can lead to challenges in interpreting the results accurately (Cil, 2015;
Gurel et al., 2015). Therefore, to obtain more detailed data, some authors (e.g., Koksal &
Berberoglu, 2014; Kruit et al., 2018a; Sarioglu, 2023) have decided to combine one-tier
multiple-choice and open-ended items, but their analysis and scoring are quite problematic
(Sar10glu, 2023; Yan & Subramaniam, 2018). Their use is also limited by pupils’ reluc-
tance to write their answers and the longer time required to administer them, which is why
multiple-choice items are still preferred (Habiddin & Page, 2019; Milenkovic et al., 2016).
The limitations of a one-tier multiple-choice test can be eliminated by using a two-tier test
that examines not only whether pupils can choose the correct answer regarding the inquiry
skill in the first tier, but also whether they can justify their choice in the second tier. In this
way, it is possible to assess whether the pupils have really acquired the skill or whether their
answer is just the result of coincidence or guessing (Kurniawati, 2021). This type of test was
also used by Cil (2015) to assess the conceptual understanding of variables and their applica-
tion in experiments. Similarly, some other two-tier tests (e.g., Sholihah et al., 2020b; Singa-
murti et al., 2017) require not only the correct answer in the first tier (the indicator of inquiry
skill) but also its justification in the second tier. On the other hand, it is important to note that
even two-tier tests have limitations. One of these limitations is the inability of test design-
ers to clearly distinguish whether pupils’ incorrect answers are identified misconceptions or
are simply the result of a lack of knowledge, which can distort the interpretation of results
and subsequently the selection of appropriate teaching strategies (Yan & Subramaniam, 2018;
Milenkovi¢ et al., 2016; Gurel et al., 2015). For this reason, there was a need to add one more
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tier (confidence tier), which would eliminate this limit (Gurel et al., 2015). However, when
evaluating a three-tier test, we cannot be sure whether pupils are equally confident in the
answer in the first tier and the reasoning in the second tier, because both levels require dif-
ferent demands on pupils’ thinking operations (Caleon & Subramaniam, 2010a; Gurel et al.,
2015; Habiddin & Page, 2019; Yan & Subramaniam, 2018). This deficiency can subsequently
lead to distorted results (Gurel et al., 2015), and for this reason, an additional confidence tier
was added to increase the reliability of the reasoning, turning the three-tier test into a four-tier
test (Banawi et al., 2022; Fakhriyah & Masfuah, 2021).

A four-tier test thus enables researchers to assess not only the correctness of pupils’
selected answers and their justifications, but also their level of confidence in both choices.
This approach may help to examine more deeply the strength of pupils’ understanding and to
identify the potential presence of misconceptions (Samsudin, 2023). Consequently, a research
instrument constructed in this way can provide more relevant and objective information not
only about whether a pupil is able to apply individual inquiry skills, but also about whether
and to what extent the pupil understands them, or which specific aspects remain unclear. On
this basis, it is subsequently possible to facilitate the process of conceptual change among
students (Espinosa et al., 2024). On the other hand, this process may also be hindered, par-
ticularly when pupils confidently select incorrect answers, which may indicate the presence
of various misconceptions. For this reason, it is necessary to provide pupils with objective
and relevant feedback (Butterfield & Metcalfe, 2006; Espinosa et al., 2024). Based on such
feedback, pupils should be able to identify and resolve discrepancies between their own mis-
conceptions and scientifically correct concepts, leading to the restructuring of incomplete or
incorrect conceptual frameworks (Leonard et al., 2014). According to Espinosa et al. (2024),
fostering well-calibrated confidence in pupils’ judgments is essential for the further develop-
ment of their metacognitive skills, which underscores the need to implement four-tier tests in
biology education. Moreover, results obtained through four-tier tests can be more precisely
differentiated and analysed using cognitive diagnostic models (Mi et al., 2023). Within these
models, assessment focuses more on the mastery of individual concepts rather than on pupils’
overall performance (Hunsu et al., 2022), while simultaneously enabling a more detailed and
accurate diagnosis of pupils’ strengths and weaknesses (Helm et al., 2022; Im, 2025).

The need to develop an objective diagnostic instrument is also consistent with documents
by OECD (2019) and NGSS Lead States (2013), which emphasize that science learning
should include not only content knowledge involving various theories, information, or facts,
but also knowledge of standard methods and procedures used in scientific inquiry, which are
essential for critically examining evidence supporting relevant claims (OECD, 2019). How-
ever, four-tier test is usually used to identify pupils’ understanding of scientific concepts or
misconceptions regarding the content of science subjects (e.g., Firdaus et al., 2021; Habiddin
& Page, 2019; Habiddin et al., 2020; Istiyono et al., 2023; Wu et al., 2025; Zhao et al., 2021)
rather than to test pupils’ inquiry skills, but their potential can also be assumed in this area,
and therefore it is important to examine their use in practice.

2 Objectives and Research Questions
The aim of this research is to design and empirically verify a four-tier test to enable a more
comprehensive assessment of selected inquiry skills among primary school pupils, and to

compare the results with those obtained from other types of tests commonly used to assess
inquiry skills. Based on this aim, we formulated two research questions (RQs):
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e RQ1: What is the difference between pupils’ mean scores identified through one-tier,
two-tier and four-tier tests measuring selected inquiry skills?

e RQ2: What is the difference between the frequency of pupils’ misconceptions associ-
ated with inquiry skills identified through two-tier and four-tier tests?

Furthermore, Griffiths and Thompson (1993) identified as many as 63 different miscon-
ceptions related to inquiry skills. For example, some pupils believed that a hypothesis or
prediction was merely a random guess about the outcome of an experiment; that the inde-
pendent variable did not affect the outcome of an experiment; or that interpreting data also
included hypothesising about what would happen during the experiment. Such findings are
concerning, as misconceptions can negatively affect the acquisition of other inquiry skills
and hinder the effective implementation of inquiry activities. For this reason, we focused
on a more detailed identification of pupils’ misconceptions related to selected inquiry skills
using a four-tier test, thereby highlighting the diagnostic potential of this instrument. Based
on this objective, we formulated the third research question:

e RQ3: What misconceptions associated with inquiry skills have primary school pupils
when solving items in the four-tier test?

3 Material and Methods
3.1 Construction of a Four-tier Test

In constructing the four-tier test, we drew on previous research (émida et al., 2024) in
which we developed a valid and reliable multiple-choice test to measure primary school
pupils’ inquiry skills using a single tier (henceforth the one-tier test). This test measured
10 selected inquiry skills through 20 items (each skill was measured through two items).
However, administering a four-tier test is relatively time-consuming (Alan & Akbas, 2025;
Caleon & Subramaniam, 2010a). Therefore, it was necessary to reduce the number of items
(as well as the number of tested inquiry skills) in the one-tier test so that, after conversion
into a four-tier test, it could be administered to pupils within one lesson (45 min). From the
original test, we retained the skills of formulating research question, identifying variables,
predicting, designing experiment, and describing relationships between data/variables,
many of which Wenning (2010) recommends developing among primary school pupils.
Furthermore, some research (e.g., Glazer, 2011; Smida et al., 2024) indicates that pupils
often struggle to interpret data presented in graphs or tables, which in turn hinders their
ability to explain relationships between variables (Glazer, 2011). For this reason, we added
two items assessing the skill of processing data into a table or graph, and two items assess-
ing the skill of analysing data presented in a table or graph.

The basic version of the test consisted of 14 items, each requiring pupils to select one
correct answer from five options at the first tier. We then expanded the test to include a
second tier, in which pupils indicated whether they were confident in their first-tier answer.
A third tier was also added, in which pupils selected one of five options representing the
reasoning behind their first-tier response. If pupils disagreed with the provided reasoning,
they could write their own. This approach is also recommended by Gurel et al. (2015), as
pupils often have their own ideas that may not match the given options, which could other-
wise lead them to select an answer at random. In the fourth tier, pupils were again asked to
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indicate whether they were confident in their reasoning. Individual distractors were formu-
lated based on frequent errors and misconceptions related to selected inquiry skills (Grif-
fiths & Thompson, 1993; Hodosyova et al., 2015; NRC, 1996; Smida & Cipkové, 2021;
Smida et al., 2024), as recommended by Gierl et al. (2017) and Lai et al. (2016). Examples
of the items are provided in Appendix A (full version of the four-tier test is available in
Online Resource 1).

3.2 Validity and Reliability of the Four-tier Test

We established the validity of the test through expert assessment (Heale & Twycross, 2015;
Kiray & Simsek, 2021) by four experts in the field of biology education. The experts inde-
pendently assessed each item in terms of its clarity, suitability for 7th-grade primary school
pupils (12-13 years old), and whether the items adequately measured the inquiry skills.
The experts were invited to provide detailed comments on individual items in the event
of any concerns and to propose revisions to the wording of the items, where appropriate.
Based on their feedback, some items were revised and sent back to the experts for re-eval-
uation. Subsequently, the same experts were asked to assess the relevance of each item
for measuring the specified inquiry skills of pupils in this age group using a 4-point scale
(1 =not relevant; 4=very relevant). Based on their ratings, we first calculated the item-
level content validity index (I-CVI) for each item and then the scale-level content validity
index using the average method (S-CVI/Ave), which represents the average proportion of
relevance judgments provided by all four experts (Yusoff, 2019). The resulting value of this
index was 1.00 indicating unanimous agreement among the experts regarding the relevance
of the items. For a small number of experts (fewer than five), such unanimity is considered
essential (Lynn, 1986).

Subsequently, we conducted think-aloud cognitive interviews (Peterson et al., 2017)
with a smaller group of pupils (n=12) to assess their understanding of the test items, iden-
tify any difficulties in completing them, and determine whether the allotted time (45 min)
was sufficient.

After administering the test, we examined construct validity through confirmatory fac-
tor analysis (Prosser & Trigwell, 2006). In the constructed hypothetical model, we assumed
the presence of seven latent variables (factors), namely: formulating research questions,
identifying variables, predicting, designing experiments, describing relationships between
variables, processing data into tables and graphs, and analysing data from tables or graphs.
Each factor was represented by two test items (Table 1). Both items corresponding to
the same factor were designed so that their resolution was not limited to a single specific

Table 1 Distribution of test

items across the individual latent Factors Ttems
variables (factors) 1 Formulating research questions 1,5
2 Identifying variables 2,6
3 Predicting 3,7
4 Designing experiments 4,8
5 Describing relationships between variables 9,10
6 Processing data into tables or graphs 11,12
7 Analysing data from tables or graphs 13,14
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biological topic and so that they were of equivalent difficulty level. The values of the TLI
(0.90), CFI (0.93), RMSEA (0.05), and SRMR (0.04) indices indicate a relatively good fit
between the data and the hypothetical model (Heubeck & Neill, 2000).

Some authors (e.g., Hestenes & Halloun, 1995; Kiray & Simsek, 2021; Ozveren et al.,
2025; Taban & Kiray, 2022; Taslidere, 2016) note that, for a valid four-tier test, the fre-
quency of false positive (correct answer, incorrect reasoning) and false negative responses
(incorrect answer, correct reasoning) should be below 10%. The lower these frequencies,
the more valid the test is considered to be (Ozveren et al., 2025; Taslidere, 2016). The
analysis showed that pupils had an average frequency of false positive misconceptions
related to the inquiry skill of 7.5% and an average frequency of false negative misconcep-
tions related to the inquiry skill of 3.7%. These results indicate that the research instrument
can be considered valid also from this perspective.

Subsequently, we examined the plausibility of individual distractors. Distractors should
be plausible to pupils with lower ability while being implausible to those with higher abil-
ity (Haladyna et al., 2019); therefore, they should be formulated to maximize their attrac-
tiveness to pupils. One of the fundamental methods for analysing distractors is the distrac-
tor choice frequency (Gierl et al., 2017; Haladyna et al., 2019), which was also applied in
the analysis of distractors in a four-tier test by Asih et al. (2022). Forthmann et al. (2020)
report that if a distractor is chosen by fewer than 5% of pupils, it is necessary to consider
whether it is sufficiently attractive to pupils or requires revision. In the fourteen items (lev-
els 1 and 3), we formulated 112 distractors, of which 95.5% were selected by pupils with
a frequency higher than 5% (Table 2). Only five distractors were chosen with a frequency
lower than 5% (in items 2, 6, 13, and 14); however, none of these frequencies (minimum
4.49%) did not fall substantially below the recommended threshold. Moreover, we consider
that these distractors still have a diagnostic function, and therefore we retained them in
their original form.

Table 2 Distractor choice frequency analysis

Frequency of pupils' Frequency of pupils'
= answers in the 1% tier answers in the 3™ tier

Inquiry skill % [%] [%] *
a|b|c|d|e a|b|c|d|e
| 1929 737 577 577 199|186 167 545 221 298

Formulating research question

5 | 154 962 346 103 301|144 199 327 141 135
fentifor - 2 433 109 369 44% 449°|801 272 160 308 13.1
Identifying variables 6 | 135 253 167 40. 449|266 138 167 237 147
predict 3 | 218 163 673 439 113|218 115 138 317 160
redicting 7 1292 994 801 47.1 577|330 179 186 154 833
o _ 4 | 147 292 208 250 103|135 179 298 176 163
Designing experiment 8 | 212 279 324 994 865|160 228 272 167 994
Describing relationships between | 9 | 173 503 160 769 875 [413 183 929 115 125
variables 10 | 196 186 183 30.8 127|151 189 189 215 186
_ ] 11 | 513 122 125 119 122385 186 151 115 106
Processing data into tables and graphs =510 ¢ 141 843 538 131|641 109 154 433 170
nalvsing data from tables and sranhs | 12| 002 801 138 737 449°[60.6 109 833 5.77 6.09
nalysing data from tables and graphs =71 4 40b 897 103 705 5.77 | 119 5.13 9.94 60.9 7.05

# The frequency of pupils selecting the “other” option was not included in the analysis because this option
did not represent a distractor (pupils could provide a response in their own words). ° Distractors chosen by
less than 5% of pupils. Grey colour: correct answer

@ Springer



A New Perspective on the Evaluation of Pupils’ Inquiry Skills. ...

The reliability of the four-tier test was calculated using the Kuder and Richardson For-
mula No. 20. Based on the obtained value (KR,,=0.78), the test can be considered a reli-
able research instrument (Wahyuni et al., 2021).

3.3 Research Sample

The test was administered to 312 seventh-grade pupils from eleven primary schools
(ISCED 2) across various regions of Slovakia. The sample consisted of 53.5% boys and
46.5% girls, aged 1213, with an average grade in biology of M =1.64 on their last school
report card.

3.4 Method of Evaluating the Mean Score in One-tier, Two-tier and Four-tier Tests

Initially, only pupils’ answers in the first tier of the four-tier test were considered, ignoring
the reasoning tier and both confidence tiers. For this reason, the resulting assessment cor-
responds to a one-tier test. Pupils received 1 point for a correct answer in the first tier, with
a maximum possible score of 14 points, and 0 points for an incorrect answer (Table 3). The
reliability of the test was determined using the Kuder and Richardson Formula No. 20. The
obtained value (KR,,=0.74) indicates that, even after reducing the number of tiers from
four to one, the test remains a reliable research instrument (Wahyuni et al., 2021).

Similarly, we converted the four-tier test into a two-tier test. In this evaluation, we
considered pupils’ answers in the first tier and their reasoning in the third tier (which
corresponds to the second tier in the two-tier version), while ignoring both confidence
tiers. In evaluating the test, we followed the approach of previous studies (e.g., Fadillah
& Salirawati, 2018; Gurel et al., 2015; Giirsel & Akcgay, 2022; Kaniawati et al., 2019).
Pupils received 1 point if they chose the correct answer in the first tier and the cor-
rect reasoning in the second tier, with a maximum possible score of 14 points. Any
other combination of answers was scored 0 points (Table 3). The reliability of the test
was determined using the Kuder and Richardson Formula No. 20. The obtained value
(KR,;=0.78) indicates that the test is a reliable research instrument (Wahyuni et al.,
2021).

In evaluating the four-tier tests, we considered pupils’ responses at all four tiers, fol-
lowing the recommendations of Prayitno and Hidayati (2022) and Gurel et al. (2015). If
pupils chose the correct answer in the first tier and were confident in their choice and
simultaneously selected the correct reason in the third tier with confidence, we can con-
clude that they have mastered the selected inquiry skill. Pupils received 1 point for each
correctly completed task in this manner, with a maximum possible score of 14 points.

Table 3 Criteria for correct answer in the one-tier, two-tier and four-tier test

Tiers One-tier test Two-tier test Four-tier test
Answer in the 1 st tier Correct answer  Correct answer Correct answer
Confidence for the answer in the 1 st tier - - Confident answer
Reasoning of answer - Correct reasoning Correct reasoning

Confidence for the reasoning Confident reasoning

Points per item (total score) 1 (max. 14) 1 (max. 14) 1 (max. 14)
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All other answer combinations were scored 0 points (Table 3). A detailed scoring key
for the test is provided in Appendix B.

3.5 Identifying the Frequency of Misconceptions in the Two-tier and Four-tier Tests

According to Yusrizal and Halim (2017), a one-tier test is not suitable for identifying
pupils’ misconceptions. Therefore, when analysing the frequencies of misconceptions, we
converted the four-tier test into a two-tier test. However, with this type of test, it remains
difficult to determine with certainty whether pupils have a misconception, lack of knowl-
edge, or are simply guessing (Milenkovi¢ et al., 2016; Gurel et al., 2015; Xiao et al. 2018)
describe several approaches to evaluating two-tier tests: (a) the first and second tiers can
be evaluated separately (e.g., pupils receive 1 point for a correct answer in the first tier and
1 point for a correct justification). However, this approach increases the risk of distorted
results due to the possibility of guessing, similar to a one-tier test; (b) a paired evaluation,
in which each item is evaluated together. In this case, pupils receive 1 point only if they
correctly answer both the first and second tiers, and O points for all other responses. This
approach reduces the risk of guessing to some extent. However, this evaluation method is
limited for identifying pupils’ misconceptions, as it does not allow us to determine with
certainty the reasons behind incorrectly answered items that receive a score of 0 points.
For this reason, some authors (e.g., Chu et al., 2009; Hilton et al., 2013; Loh et al., 2014;
Sreenivasulu & Subramaniam, 2013) pair pupils’ answers in the first tier with their reason-
ing in the second tier using a frequency table. They then analyse only those alternative
ideas that appear in at least 10% of the responses and have the potential to be considered
misconceptions. However, this evaluation method is quite difficult when statistical compar-
isons between different data sets are required. To simplify the evaluation of two-tier tests,
some authors (e.g., Hutahaean et al., 2024; Lengkong et al., 2021; Verma & Choudhuri,
2025) categorize answers as correct or incorrect according to pupils’ response combina-
tions. In the case of an incorrect answer, they further distinguish whether the error is due to
guessing, a lack of pupils’ knowledge, or the presence of a misconception (Table 4).

Subject: CHE Chemistry, PHY Physics, BIO Biology, MAT Mathematics. Decision: UC
Understanding the concept, PU Partial understanding the concept, MSC Misconception,
NC Not understanding the concept.

The authors’ interpretations listed in Table 4 differ slightly. However, all of them agree
that if pupils choose the correct answer in the first tier but an incorrect answer in the sec-
ond tier, this indicates a misconception due to selecting the wrong reasoning (Kaltakci &
Didis, 2007). This premise is based on the study by Hestenes and Halloun (1995). Accord-
ing to Sibic et al. (2022), the second tier is diagnostically more significant for identify-
ing misconceptions. For this reason, we followed a similar approach when evaluating the
two-tier test for the presence of misconceptions related to inquiry skills. We then evalu-
ated the four-tier test. According to Gurel et al. (2017), an individual with a misconception
is deeply convinced that their misconception represents the correct scientific idea. There-
fore, in the four-tier test, a misconception related to the application of inquiry skills can
be defined as a combination of responses in which pupils select an incorrect answer in
the first tier, provide incorrect reasoning in the third tier, and are confident in both choices
(Gurel et al., 2015; Kiray & Simsek, 2021; Prayitno & Hidayati, 2022). If pupils select
the correct answer in the first tier with confidence but provide incorrect reasoning in the
third tier, also with confidence, they can be identified as having a false positive miscon-
ception. Conversely, if pupils select an incorrect answer in the first tier with confidence
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but provide correct reasoning in the third tier, also with confidence, they can be identi-
fied as having a false negative misconception (Gurel et al., 2015; Kiray & Simsek, 2021;
Prayitno & Hidayati, 2022). According to Prayitno and Hidayati (2022), false positive and
false negative misconceptions are likely the result of guessing or inattention. Therefore, it
is recommended to treat them as separate categories during evaluation (Kiray & Simsek,
2021; Taban & Kiray, 2022). If pupils are unconfident about an answer, it should not be
considered either a misconception or a correct response (Kiray & Simsek, 2021).

3.6 Data Analysis

For each type of test, we determined basic descriptive characteristics (e.g., mean, mode,
median, standard deviation) and calculated the mean values of the difficulty index and the
discrimination (upper—lower) index (Pande et al., 2013). In addition, the Shapiro—Wilk test
showed that the data from the one-tier (W =0.95; p <0.05), two-tier (W =0.89; p <0.05),
and four-tier (W =0.83; p<0.05) tests were not normally distributed (Yap & Sim, 2011).
Therefore, we used the Spearman correlation coefficient (Neideen & Brasel, 2007) to
examine correlations between pupils’ mean scores. To compare the mean scores of the
same group of pupils across three repeated measurements, we applied the Friedman test
(Cleophas & Zwinderman, 2016) followed by the Durbin—Conover post hoc test (Campelo
et al., 2023) to identify statistically significant differences.

To compare the average frequency of pupils’ misconceptions in the two-tier and four-
tier tests, we recoded the results so that the presence of each identified misconception was
scored as 1 point, while its absence was scored as 0 points. The Shapiro—Wilk test showed
that the data from the two-tier (W =0.94; p <0.05) and four-tier (W =0.81; p <0.05) tests
did not follow a normal distribution (Yap & Sim, 2011). Therefore, we used the Spearman
correlation coefficient (Neideen & Brasel, 2007) to examine correlations and the Wilcoxon
signed-rank test (Xia, 2020) to determine statistically significant differences in the fre-
quency of misconceptions for the same group of pupils across two repeated measurements.

4 Results

We analysed the results of the one-tier, two-tier, and four-tier tests. Given the context of the
research and the formulated research questions, we focused primarily on pupils’ acquired
inquiry skills, the frequency of misconceptions, and the identification of misconceptions
that occurred most frequently among pupils. The summary results of the four-tier test are
presented in Appendix C.

4.1 Difference in Pupils’ Mean Score Identified Through One-tier, Two-tier,
and Four-tier Tests

The pupils achieved a mean score of 6.42 points (SD=3.24) in the one-tier test, rep-
resenting 45.9% (Table 5). However, based on this result, it is not possible to deter-
mine with certainty whether the pupils truly mastered the inquiry skills or whether they
merely arrived at the correct answers through logical deduction or guessing (the prob-
ability of guessing correctly in an item with one correct and four incorrect options is
20%). For this reason, we also analysed the results of the two-tier test, which considered
not only the pupils’ answers in the first tier but also their reasoning in the second tier.
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Table 5 Comparison of one-

tier, two-tier, and four-tier tests Characteristics One-tier test ~ Two-tier test Four-tier test
regarding acquired inquiry skill Number of pupils 312 312 312
Mean 6.42 3.56 2.50
Median 7.00 3.00 2.00
Mode 0.00 0.00 0.00
Variance 10.5 8.75 6.78
Standard deviation 3.24 2.96 2.61
Minimum 0.00 0.00 0.00
Maximum 14.0 11.0 11.0
Range 14.0 11.0 11.0
Standard skewness 0.20 4.65 9.20
Standard kurtosis —3.53 -1.82 5.11
Coefficient of variation  50.5% 83.0% 104.1%
Reliability KR,,=0.74 KR,;=0.78 KR,;,=0.78

In this test format, the pupils achieved a lower mean score of 3.56 points (SD=2.96),
corresponding to 25.4% (Table 5). In the four-tier test, pupils achieved the lowest mean
score of all test types, namely 2.5 points (SD=2.61), corresponding to 17.9% (Table 5).
The Friedman test confirmed a significant difference between pupils’ results across the
different types of tests (° (2)=538; p<0.001). The Durbin-Conover post hoc analysis
further revealed that pupils obtained significantly higher mean scores in the one-tier
test compared to both the two-tier (p <0.001) and four-tier tests (p <0.001), and signifi-
cantly higher scores in the two-tier test compared to the four-tier test (p <0.001). These
findings indicate that when the evaluation of acquired inquiry skills is based solely on
pupils’ answers in the first tier, or when pupils’ confidence levels are not considered, the
mean score (mean frequency of acquired inquiry skills) is significantly overestimated.
From these findings, we can conclude that in assessing inquiry skills, a four-tier test
provides more objective and accurate results compared to the one- or two-tier tests.

We also observed differences between the one-, two-, and four-tier tests in the mean
values of the difficulty and discrimination indices (Table 6). The results show that add-
ing tiers to the test decreases both indices, indicating that the items in the four-tier test
had lower discriminatory power and higher difficulty than those in the one- or two-
tier tests. On the other hand, most test items demonstrated good discrimination indi-
ces (M=0.43), except for items 2 and 10, which exhibited poor discrimination ability
(Pande et al., 2013).

On the other hand, we found positive correlations between the results of the individual
tests (Table 7), suggesting that pupils who achieved higher mean scores in the one-tier test
also tended to achieve higher mean scores in the two- and four-tier tests, and vice versa.

A more detailed analysis of the results revealed that the pupils’ mean score was consist-
ently overestimated compared to the four-tier test for each of the assessed inquiry skills.
This difference was confirmed by the Friedman test and subsequently by the Durbin—-Cono-
ver post hoc analysis (Table 8). The largest discrepancy was observed in the skill of formu-
lating research questions, where the mean score in the one-tier test was overestimated by
up to 35% compared to the four-tier test. In contrast, the smallest difference was observed
in the skill of designing experiment (16%), although it should be noted that pupils achieved
the lowest mean score for this skill in the one-tier test among all the tested skills.
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Table 6 Values of difficulty and discriminations indices

Inquiry skill Item One-tier test Two-tier test Four-tier test

Difficulty Discrimination Difficulty Discrimination Difficulty ~Discrimination

index [%] index index [%] index index [%] index
@ 1 577 0.60 224 0.29 12.8 0.31
5 34.6 0.45 15.1 0.39 9.62 0.26
(€)) 2 36.9 0.29 14.4 0.25 8.65 0.19
6 40.1 0.67 14.7 0.31 8.97 0.23
(1 3 43.9 0.61 21.8 0.55 14.1 0.40
7 47.1 0.63 18.9 0.39 11.9 0.35
av) 4 26.0 0.50 21.5 0.55 13.8 0.37
8 324 0.51 17.0 0.49 12.5 0.37
) 9 50.3 0.63 28.5 0.68 15.7 0.44
10 3038 0.39 10.3 0.27 5.77 0.18
(VD 11 51.3 0.80 30.8 0.75 24.0 0.67
12 5338 0.69 33.0 0.60 21.2 0.51
(VID) 13 663 0.68 55.1 0.92 48.1 0.92
14 705 0.67 52.6 0.77 433 0.81
Mean value 459 0.58 25.4 0.51 17.9 043

(I) formulating research question; (II) identifying variables; (III) predicting; (IV) designing experiment;
(V) describing relationships between variables; (VI) processing data into tables and graphs; (VII) analysing
data from tables and graphs.

Table 7 Correlations between the results of a one-tier, two-tier, and four-tier test

One-tier test Two-tier test Four-tier test
One-tier test - r,=0.85; p<0.05 r,=0.77; p<0.05
Two-tier test r,=0.85; p<0.05 - r,=0.89; p<0.05
Four-tier test r,=0.77; p<0.05 r,=0.89; p<0.05 -

4.2 Difference Between the Frequency of Pupils’ Misconceptions Associated
with Inquiry Skills Identified Through Two-tier test and Four-tier Test

In the two-tier test, the mean frequency of pupils’ misconceptions was higher (M =2.85;
SD=1.71) than in the four-tier test (M =2.14; SD=2.41). The Wilcoxon signed-rank test
also revealed a statistically significant difference (W=4.65; p <0.05) in favour of the two-
tier test. These results indicate that pupils’ misconceptions associated with inquiry skills
were overestimated in the two-tier test. Moreover, the Spearman correlation coefficient did
not show a statistically significant correlation between the frequency of pupils’ misconcep-
tions in the two-tier and four-tier tests (r,=—0.11; p>0.05), suggesting a lack of relation-
ship between the results obtained through these two tests. Descriptive characteristics of the
tests are presented in Table 9.

A more detailed analysis of the results from both test types revealed statistically signifi-
cant differences in the mean frequency of pupils’ misconceptions for the individual tested
inquiry skills. The frequency of misconceptions was overestimated for all skills except
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Table 9 Comparison of two-tier
and four-tier tests regarding
frequency of misconception

Characteristics Two-tier test Four-tier test
Number of pupils 312 312
Mean frequency of misconceptions 2.85 2.14
Median 3.00 1.00
Mode 3.00 0.00
Variance 2.94 5.82
Standard deviation 1.71 241
Minimum 0.00 0.00
Maximum 9.00 11.0
Range 9.00 11.0
Standard skewness 3.36 10.2
Standard kurtosis —-0.46 6.38
Coefficient of variation 60.2% 112.9%

for the skill of designing experiment (Table 10). For this skill, the four-tier test captured
a higher frequency of misconceptions than the two-tier test, which may be attributed to
pupils’ inability to select the correct answer from the options provided in the first tier. This
interpretation is further supported by the one-tier test results, where pupils achieved the
lowest mean score (i.e., the lowest mean frequency of correctly acquired inquiry skills) for
this skill among all tested skills (Table 8).

Table 10 Pupils’ mean frequency of misconception per item and per skill

Inquiry skill

Item Two-tier test

Four-tier test

Difference Wilcoxon

[%]? signed-rank
Mean score Mean score Mean score Mean score test
per item [%] per skill [%] per item [%] per skill [%]
[0)) 1 34.6 27.1 15.7 16.5 -10.6 W=3.55;
5 196 17.3 p<0.05
) 2 224 239 20.8 18.8 -5.1 W=1.94,
6 253 16.7 p<0.05
(1) 3 21.8 25.0 17.6 15.7 -93 W=3.22;
7 282 13.8 p<0.05
(Iv) 4 4.5 10.0 25.6 23.4 134 W=5.36;
8 154 212 p<0.05
V) 9 21.8 21.2 11.2 15.1 —6.1 W=2.30;
10 205 18.9 p<0.05
(VD) 11 205 20.7 10.3 10.8 -9.9 W=3.72;
12 208 11.2 p<0.05
(VID 13 112 14.6 6.7 6.6 -8.0 W=4.15;
14 179 6.4 p<0.05

# difference between four-tier test and two-tier test. (I) formulating research question; (II) identifying vari-
ables; (III) predicting; (IV) designing experiment; (V) describing relationships between variables; (VI) pro-
cessing data into tables and graphs; (VII) analysing data from tables and graphs
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4.3 Misconceptions Associated with Inquiry Skills Identified Through the Four-tier
Test

To highlight the diagnostic function of the four-tier test, we also focused on identifying
common misconceptions associated with the measured inquiry skills. The highest mean
frequencies of misconceptions were observed for the skills of designing experiment (items
4 and 8; M=23.4%), identifying variables (items 2 and 6; M=18.8%), and formulating
research questions (items 1 and 5; M=16.5%).

In item 4, pupils were asked to select the appropriate experimental design to demon-
strate that temperature and humidity are crucial factors influencing mold growth. However,
the most common response (n=16) indicated that pupils believed it was sufficient to place
the bread in a single warm and humid environment. This reasoning reflects the misconcep-
tion that an experiment requires only one condition in which both independent variables
change simultaneously, while all other variables remain constant (Table 11). In this case,
however, pupils would not be able to determine which variable influences mold growth,
and the experimental design also lacked a control group. In item 8, pupils were asked to
select the most appropriate modification of the experimental design to verify the effect of
water on pea seed germination. The most common response (n=23) suggested that pea
seeds should be watered regularly and provided with sufficient heat and oxygen, based on
the belief that all seeds must be kept under the same conditions necessary for germination
(Table 11). In both items, it appears that pupils’ frequent misconceptions related to design-
ing experiment primarily concerned the manipulation of the independent variable. Some

Table 11 Common misconceptions associated with designing experiment skill

Item 4: Which experimental procedure would best verify the statement given in the text for item 4. ,, Penicil-
lium notatum is a type of mold that forms characteristic green coatings on food. The key factors influencing
its growth are the temperature and humidity of the environment (independent variables).

Common pupils’ misconceptions number of pupils (%)

4BE: We place one slice of bread in a warm and moist place and observe how 16 (5.13%)
quickly mold grows. This is because, during the experiment, we should create
only one environment in which both independent variables (humidity and tem-
perature) change simultaneously, while keeping the other variables constant

4BD: We place one slice of bread in a warm and moist place and observe how 11 (3.53%)
quickly mold grows. This is because, during the experiment, we should create
only two environments in which both independent variables (humidity and tem-
perature) change simultaneously, while keeping the other variables constant

4CB: We place one slice of bread in a moist place and the other slice in a dry 10 (3.21%)
place, and we observe which slice grows mold faster. This is because, during the
experiment, we should create only two environments in which we change the
humidity, while keeping the other variables constant
Item 8: Read the proposed procedure that could be used to test the effect of water on the germination of
pea (Pisum sativum) seeds. Which option correctly improves this procedure? Proposed procedure: We
plant pea seeds, water them regularly, and observe whether they germinate
Common pupils’ misconceptions number of pupils (%)
8BB: The pea seeds are watered regularly, and sufficient warmth and oxygen must 23 (7.37%)
be provided. This is because, during the experiment, all seeds should be provided

with the same (constant) conditions required for germination; otherwise, they
would not germinate
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pupils assume that creating a single environment is sufficient (without including a control
group), while others believe that the independent variable does not need to be manipulated
at all during the experiment.

In item 2, pupils were asked to identify the dependent variable that could be observed as
changing due to the different placement of plants. However, many pupils demonstrated mis-
conceptions (Table 12). The most frequent response (n=29) indicated that they believed
the intensity of light would change in this experiment because the ambient temperature is
the dependent variable that changes in response to changes in the intensity of plant light.
Another group of pupils (n=10) incorrectly assumed that plant growth represented the
independent variable that changed as a result of the placement of individual plants. In this
experiment, however, the dependent variable is plant growth, not light intensity (independ-
ent variable) or ambient temperature (constant variable). Moreover, the independent vari-
able does not change as a result of another variable; rather, it is manipulated to observe its
influence on the dependent variable.

In item 6, pupils were asked to identify the independent variable, i.e., the variable that
should be manipulated when investigating the effect of temperature on yeast respiration.
However, many pupils demonstrated misconceptions (Table 12). A frequent incorrect
response (n=23) was that the amount of carbon dioxide should be changed, because they
considered carbon dioxide to be the independent variable influenced by temperature. Other
pupils (n=9) believed that humidity and pH should be manipulated, as if these represented
dependent variables affected by changes in temperature. However, the amount of carbon
dioxide is the dependent variable, while humidity and pH are constant variables. These
patterns of responses indicate that pupils’ misconceptions are not limited to confusing
dependent and independent variables but also reflect a deeper misunderstanding of their
role and function in experimental design.

Table 12 Common misconceptions associated with identifying variables skill

Item 2: You don’t know how to grow tomatoes properly. You decided to plant one plant in a pot placed in
the shade on the balcony, another in a pot placed in a light spot, and third plant in a pot placed in a dark
room. You regularly water each plant with the same amount of water with dissolved fertilizer. At the same
time, you ensured the same temperature for all the plants. Which quantity should be observed to determine
how it changes due to the different location of the plants?

Common pupils’ misconceptions number of pupils (%)

2AD: Light intensity, because in this experiment, the ambient temperature is the 29 (9.29%)
dependent variable which changes in response to changes in light intensity

2AC: Light intensity, because in this experiment, plant growth is the independent 10 (3.21%)
variable that changes due to the location of the plants

Item 6: Yeasts are unicellular organisms that cannot be seen with the naked eye. The intensity of yeast
respiration also depends on the temperature of the environment in which they are located. This can be
demonstrated by measuring the amount of carbon dioxide released by the yeast into the environment.
What would you need to change during the measurement to confirm that the intensity of yeast respira-
tion depends on environmental temperature?

Common pupils’ misconceptions number of pupils (%)

6BA: The amount of carbon dioxide, because this product of yeast respiration in 23 (7.37%)
this experiment represents an independent variable that changes due to the influ-
ence of temperature

6CC: Humidity and pH of the environment, because in this experiment, both are 9 (2.89%)
dependent variables that change due to different temperature
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In item 1, pupils were asked to select the most appropriate research question to formu-
late prior to starting the experiment, based on the description provided. However, a consid-
erable number of pupils (n=13) most often chose a question that could only be answered
dichotomously, mistakenly assuming that a research question should always be phrased in
such a way that it can be answered with a simple “yes” or “no,” ensuring absolute clarity
for the researcher. A similar misconception was observed in item 5, where some pupils
(n=9) again opted for dichotomous formulations of research questions (Table 13).

5 Discussion & Conclusion

The use of a four-tier test for assessing inquiry skills is not yet well established among
researchers. Nevertheless, the results of our study indicate that one-tier and two-tier tests
overestimate pupils’ mean scores (i.e., the mean frequency of acquired inquiry skills) com-
pared to the four-tier test. Similar findings were reported by Sreenivasulu and Subrama-
niam (2013) in their examination of pupils’ conceptual understanding of selected chemi-
cal concepts, where the mean scores obtained from one-tier and two-tier tests were also
overestimated. In the case of the one-tier test, such overestimation is understandable, as
pupils’ reasoning and the level of confidence in their responses are not considered. How-
ever, it remains questionable whether the results of such a test can be considered an objec-
tive measure of pupils’ actual acquisition of inquiry skills (Ketelhut et al., 2009). Our find-
ings show that when an additional tier is included—requiring pupils to justify their answers
from the first tier—the mean score decreases significantly. This indicates that pupils expe-
rience difficulties in reasoning about the scientific nature of a given inquiry skill. One pos-
sible explanation is that selecting the correct reasoning is inherently more demanding, as
it requires higher-order cognitive processes (Caleon & Subramaniam, 2010a; Gurel et al.,
2015; Habiddin & Page, 2019; Yan & Subramaniam, 2018). Another explanation is that
some correct answers in a one-tier test may simply result from guessing, which would also

Table 13 Common misconceptions associated with formulating research question skill

Item 1: With a sample of 50 classmates, you used a simple experiment to observe how their heart rate
changes after running from the ground floor to the third floor. You found that after this physical activity, the
pupils had a higher heart rate because oxygen had to be transported to the muscles more quickly through
the blood. In this way, you demonstrated the connection between the circulatory system and muscle activity

Common pupils’ misconceptions number of pupils (%)

1EA: Will the pupils’ heart rate increase after running from the ground floor to the 13 (4.17%)
third floor? I am reasoning my answer by saying that a research question should
always be answered with only "yes" or "no", making the answer completely
unambiguous for the researcher

Item 5: Dave claimed that the body temperature of the common toad depends on the temperature of
the environment in which it is currently located. Mary, on the other hand, claimed that the toad has a
constant body temperature that is not influenced by the environment. They decided to conduct an experi-
ment to find out who was right. Which research question should Dave and Mary ask before conducting
the experiment?
Common pupils’ misconceptions number of pupils (%)
5EE: Does the body temperature of the common toad change due to environmental 9 (2.89%)
temperature? I am reasoning my answer by saying that the research question
should be answered only with “yes” or “no” so that the answer is as clear as pos-
sible for the researcher
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account for the reduction in pupils’ mean scores once a second tier is added (Sreeniva-
sulu & Subramaniam, 2013; Widiyatmoko & Shimizu, 2018). Moreover, when analysing
responses, it is not possible to clearly distinguish correct answers selected based on proper
reasoning from those chosen due to incorrect reasoning (Caleon & Subramaniam, 2010b;
Gurel et al., 2015). As a result, pupils may select the correct answer, but for the wrong
reasons (Rollnick & Mahooana, 1999), which can lead to an overestimation of their per-
formance. Research by Yusrizal and Halim (2017) also suggests that the overestimation
of pupils’ mean scores compared to the multi-tier test may be even more significant if the
one-tier test is administered independently rather than in combination with the other tiers,
since pupils tend to be more careful when selecting an answer in the first tier if they are
also required to justify it. In addition, some pupils in our research may have been influ-
enced by the available reasoning when choosing their first-tier answer (Timmermann &
Kautz, 2015), which could in turn have affected their overall performance in the one-tier
test. This type of test provides only a very limited insight into how pupils think about the
given inquiry skills and the cognitive processes underlying their selection of the correct
answers. Consequently, this may complicate the interpretation of results, lead to a distorted
view of pupils’ inquiry skills and make it more difficult to select the appropriate pedagogi-
cal interventions to foster their development.

Some authors (e.g., Cil, 2015; Sholihah et al., 2020b; Singamurti et al., 2017) recommend
the use of two-tier tests, which require not only the correct answer in the first tier (serving
as an indicator of inquiry skills) but also its reasoning, which provides more evidence of
pupils’ understanding and their cognitive processes. According to Kaniawati et al. (2019),
the two-tier test represents a more valuable diagnostic instrument than the one-tier test; how-
ever, when compared with the four-tier test, we also observed a significant overestimation
of pupils’ mean scores in this type of test. A similar finding was also reported by Sreeniva-
sulu and Subramaniam (2013, 2014), who explained that even when both the answer and its
reasoning were correct, pupils might have arrived at this combination by guessing, thereby
distorting the obtained results. It appears, therefore, that even two-tier tests cannot reliably
capture whether pupils truly understand the scientific nature of the given inquiry skills. This
is because pupils may select their justification in the second tier based on a process of elimi-
nation or logical inference influenced by their choice in the first tier (Griffard & Wandersee,
2001), or simply because part of the statement containing the justification seems partially cor-
rect or familiar to them, which may inflate their score. For this reason, without knowledge of
pupils’ confidence in their responses, it is very difficult to assess the depth and nature of their
reasoning. The inclusion of a confidence tier leads to a decrease in the proportion of pupils
correct answers (Taslidere, 2016). Similarly, Yang (2022) as well as Renner & Renner (2001)
emphasise that pupils’ scores are strongly influenced by their level of confidence regarding
their responses. However, we assume that if pupils have genuinely mastered a given inquiry
skill, they should be able to apply it with confidence (Fariyani et al., 2017). The interpreta-
tion of the four-tier test results is therefore not limited to distinguishing between correct and
incorrect responses but also captures the level of confidence associated with pupils’ thinking
and reasoning. Levels of confidence may thus serve an epistemic function, as in combination
with pupils’ answers and justifications they enable differentiation between stable and unstable
conceptual structures as well as strongly held misconceptions (Orhani, 2025). The use of a
four-tier test to assess pupils’ inquiry skills, therefore, appears to be an appropriate choice,
as its items allow a deeper examination of whether pupils truly understand different concepts
(Yan & Subramaniam, 2018).

The constructed four-tier test can be regarded as a valid (Hestenes & Halloun, 1995;
Heubeck & Neill, 2000; Kiray & Simsek, 2021; Ozveren et al., 2025; Peterson et al., 2017;
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Taban & Kiray, 2022) and reliable (Wahyuni et al., 2021) research instrument. The results
of this test indicate relatively low pupils scores, suggesting difficulties in understanding
the selected inquiry skills. Such understanding is inherently linked to scientific reasoning,
which supports the systematic investigation of problems, argumentation, experimentation,
and the evaluation of evidence leading to the formation of concepts about the world of
nature (Kambeyo & Csap6, 2018). Analysis of the results from the four-tier test can there-
fore help identify pupils’ difficulties with individual inquiry skills, which may subsequently
contribute to improving their scientific reasoning in biology education.

The results of the test also demonstrated a good discrimination index for most items
(Habiddin & Page, 2019), but a relatively high difficulty index compared to the one- and
two-tier tests. In fact, the difficulty index of the four-tier test is below the recommended
range (Habiddin & Page, 2019; Pande et al., 2013), and the excessively high difficulty of
certain items (items 2 and 10) may have reduced their discrimination ability (Pande et al.,
2013). Similar levels of difficulty in four-tier tests have also been reported by Ozveren et al.
(2025), Habiddin & Page (2019), Yan and Subramaniam (2018), and Taslidere (2016).
This may be attributed to the fact that when completing a multi-tier test, pupils are required
to employ higher-order thinking skills, as they must evaluate multiple response alternatives
and contend with a larger number of distractors, which complicates the identification of
the correct answer (Cil, 2015). Distractors are deliberately constructed to be as appealing
as possible to pupils (e.g., Gierl et al., 2017; Raymond et al., 2019), and a correct response
requires pupils to have truly mastered the inquiry skill in item to both identify the cor-
rect option and reject the incorrect ones. Rezigalla et al. (2024) further report that items
containing distractors that are particularly attractive to pupils may exhibit lower difficulty
indices and reduced discriminatory power. Although two distractors with lower selection
frequency were identified in item 2, the remaining distractors in both items were selected
by pupils with relatively high frequency. These findings suggest that, despite their high
difficulty and lower discrimination indices, the items retain an important diagnostic func-
tion. Moreover, the correct answer is not only considered to be the selection of the cor-
rect answer in the first tier and the appropriate justification in the third tier, but also the
confident selection of these answers, which may initially appear to be a relatively strict
evaluation criterion. The literature, however, presents alternative approaches to scoring
these types of tests. For instance, Putranta & Afifah (2025) and Kafiyani et al. (2019), in
developing a four-tier test to diagnose pupils’ mental models on static fluids, considered
selecting the correct answer in at least one tier as indicative of partial understanding of the
concept, regardless of high school pupils’ confidence in that response. Gurel et al. (2015),
however, argue that if there is any doubt about a pupil’s response in at least one tier of a
four-tier test, the response should be scored as incorrect or considered indicative of a flaw
in the pupil’s reasoning. Even if pupils select the correct answer, a lack of confidence likely
reflects insufficient conceptual understanding (Odom & Barrow, 2007; Yang & Lin, 2015)
or may indicate an attempt to guess the outcome (Odom & Barrow, 2007). On the other
hand, pupils’ selections may also be influenced by the desire to provide a socially accept-
able answer (Caleon & Subramaniam, 2010a) or by their own level of confidence (Caleon
& Subramaniam, 2010a; Renner & Renner, 2001), which is directly related to their meta-
cognitive calibration. Pupils who answer correctly with high confidence, or who answer
incorrectly and indicate low confidence, can be considered accurately metacognitively
calibrated. Incorrect metacognitive calibration occurs when pupils’ confidence does not
align with the correctness of their response, suggesting difficulties in accurately evaluating
their own knowledge. If pupils select an incorrect answer but are confident in their choice,
this may reflect strongly held misconceptions or the presence of Dunning and Kruger’s
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metaignorance phenomenon. Conversely, if pupils select the correct answer but lack confi-
dence, this may be associated not only with guessing but also with problematic prior expe-
riences or an inability to clearly eliminate certain distractors (Koevoets-Beach et al., 2023).
These factors can distort the results and should therefore be investigated in future research.
Similarly, a stricter scoring approach may affect the difficulty of individual items; however,
Putica (2023) argues that a higher level of difficulty should be expected in this type of test,
as it is primarily designed as a diagnostic rather than an achievement instrument.

The results of our research also showed that in the two-tier test, there was a significant
overestimation of the mean frequency of misconceptions compared to the four-tier test,
which is also confirmed by Kaniawati et al. (2019). This overestimation is likely due to the
inherent difficulty in evaluating a two-tier test, where it is challenging to determine with
certainty whether pupils’ responses reflect a genuine misconception, insufficient knowl-
edge, or pupils just guessing answers randomly (Milenkovi€ et al., 2016; Gurel et al., 2015;
Sreenivasulu & Subramaniam, 2013). Taslidere (2016) also emphasises that in two-tier
tests, any incorrect response may be interpreted as a misconception, and that the addition
of a confidence tier reduces the observed frequency of such misconceptions. By linking
pupils’ answer choices and their corresponding reasoning with tiers assessing confidence
in each response, it becomes possible to more accurately distinguish genuine misconcep-
tions from a lack of knowledge (Kaniawati et al., 2019). Consequently, the four-tier test
developed in this study represents a more suitable instrument for identifying pupils’ mis-
conceptions than a two-tier test, a conclusion that is further supported by Kaniawati et al.
(2019) and Sreenivasulu and Subramaniam (2013).

We identified common misconceptions among pupils in the skills of designing experi-
ment, identifying variables, and formulating research questions. In the skill of design-
ing experiment, some pupils believed that proper manipulation of independent variables
requires creating only a single environment (without a control environment) or, in some
cases, that the independent variable does not need to be manipulated at all during the
experiment. Griffiths and Thompson (1993) note that this misconception is widespread
because pupils often perceive the independent variable as separate from the rest of the
experiment, assume it regulates itself, or change it with a constant variable. However, Cil
(2015) emphasises that understanding how to work with variables during experiment is a
crucial component of the scientific process, highlighting the need to develop effective strat-
egies to develop this skill among pupils.

Similarly, we observed prevalent misconceptions among pupils in items assessing the
skill of identifying variables. A common misconception involved not only confusing the
terms dependent and independent variables but also misinterpreting their function and role
within experimental design. The NRC (1996) similarly notes that pupils in this age group
often struggle to correctly identify individual variables and to understand their respective
influences in an experiment. Griffiths and Thompson (1993) report comparable findings,
emphasising that pupils frequently lack sufficient familiarity with these concepts or apply
them incorrectly—for instance, believing that the independent variable is termed as such
because it cannot be manipulated and occurs naturally. Cil (2015) and Saat (2004) further
highlight that pupils’ inability to correctly identify variables undermines their capacity to
plan appropriate experimental procedures.

Regarding the formulation of research questions, pupils frequently misconceive that a
properly constructed question is one requiring only a dichotomous response. They often
believe that a research question should always be answerable with a simple “yes” or “no,”
as this would provide an entirely unambiguous result for the researcher. We observed this
misconception in our previous study as well (Smida et al., 2024), where pupils selected this
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distractor nearly as often as the option representing the correct answer. However, framing
research questions in this manner is generally inappropriate (e.g., Dekker & van Baren-
Nawrocka, 2017; Kruit et al., 2018b) because a “yes/no” response yields limited insights
that do not reflect the investigative effort of the researcher.

In summary, the results of our study suggest that a four-tier test can serve as a valid and
reliable diagnostic instrument, providing more objective and detailed insights into pupils’
acquired inquiry skills and their related misconceptions, in contrast to one-tier or two-tier
tests. Although these two versions of the test may provide reliability comparable to that of
a four-tier test, this test allows teachers to gain a more detailed insight into pupils’ reason-
ing about the selected inquiry skills. This, in turn, enables them to offer more targeted
and individualized feedback on pupils’ progress. Moreover, by identifying misconcep-
tions, teachers can address and correct them, which could contribute to the improvement
of biology education. Objective results from the test allow biology teachers to optimize
instructional and learning strategies aimed at developing individual inquiry skills. The
requirement for pupils to indicate their confidence in each response also provides an oppor-
tunity for them to reflect on their own understanding, practice self-assessment, and thereby
strengthen their metacognitive skills (Koevoets-Beach et al., 2023). The four-tier test is
also a valuable instrument for researchers, who can use its results to analyse the impact of
instructional interventions designed to develop pupils’ inquiry skills and to assess the cur-
rent level and depth of pupils’ understanding. Additionally, this test can be administered to
relatively large samples of pupils (Gurel et al., 2017), which enhances the generalizability
of the obtained results and the conclusions.

6 Limits and recommendations for future research

The use of a four-tier test offers several advantages; however, it is also associated with
certain limitations. These include its inherent difficulty, more complex construction, longer
administration time, and the potential distortion of pupils’ results due to their level of con-
fidence, which can be influenced by self-confidence or socially desirable responses (Caleon
& Subramaniam, 2010a). Because of its complexity, the four-tier test is generally more
suitable as a diagnostic instrument rather than as a tool for assessing pupils’ academic
achievement (Caleon & Subramaniam, 2010a; Putica, 2023).

We did not administer the one-tier or two-tier tests to the pupils separately; instead, they
were derived from the four-tier test by disregarding the remaining pupils’ responses dur-
ing evaluation. However, such a comparison may not be ideal, as the additional tiers could
have influenced pupils’ responses (Timmermann & Kautz, 2015; Yusrizal & Halim, 2017),
and therefore the results should be carefully interpreted. It is also necessary to consider the
sample size, as it can affect the generalizability of the results and conclusions.

Despite considerable efforts to formulate all distractors to be as attractive as possible,
it is appropriate to note that 5 out of 112 distractors were selected by fewer than 5% of
pupils, which may indicate minor issues with their functionality. However, the frequency of
these distractors was not zero; on the contrary, it was close to the recommended threshold.
Therefore, these distractors were retained in the test without revision.

Although the four-tier test provides valuable information about pupils’ misconceptions
related to selected inquiry skills, it does not reveal the underlying reasons or causes for
their emergence. Due to the size and structure of the research sample, it was not feasible
to implement qualitative research methods (e.g., interviews) with the participating pupils,
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which could have offered deeper insights into the difficulties pupils face with individual
inquiry skills. Future research could benefit from incorporating such qualitative approaches
to obtain a more comprehensive understanding of the issues involved. Similarly, in a four-
tier test, pupils are required to justify their answers. When combined with the expression
of their confidence for each response, can help reveal their epistemic beliefs, encompassing
beliefs about the certainty, development, source, and justification of knowledge (Conley
et al., 2004; Schiefer et al., 2022). However, our study did not focus on this aspect, and
it would therefore be interesting to address it in future research, which could expand our
understanding of the use of this type of tests in this context.
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