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Abstract

Scientific literacy is a central aim of science education. The Programme for Interna-
tional Student Assessment (PISA) provides a measure of secondary students’ scien-
tific literacy and reported science instruction in 72 countries. Researchers have ana-
lyzed PISA data to identify important relationships between science instruction and
students’ science achievement. The purpose of this study is to further explore these re-
lationships by using PISA 2015 data from a sample of 13 participating countries rep-
resenting a range of mean science achievement. We use Latent Profile Analysis (LPA)
to explore how students from highest- and lowest-performing profiles characterize
the inquiry-based science instruction they experience. We then use cluster analysis

Published in International Journal of Science Education 2020, vol. 42, no. 5, pp. 783-806.

doi:10.1080/09500693.2020.1730017

Copyright © 2020 Informa UK Limited, trading as Taylor & Francis Group. Used by
permission.

Submitted 25 May 2019; accepted 11 February 2020; published 18 Feb 2020.

Citation — Cory T. Forbes, Knut Neumann & Anja Schiepe-Tiska (2020) Patterns of inquiry-
based science instruction and student science achievement in PISA 2015, International
Journal of Science Education, 42:5, 783-806, DOI: 10.1080/09500693.2020.1730017



FORBES, NEUMANN & SCHIEPE-TISKA IN INTL | SCIENCE EDUCATION 42 (2020) 2

to compare patterns in inquiry-based instruction reported by students in the highest-
performing profiles in each country and examine relationships between inquiry-based
and other instructional practices. Findings from our analysis reveal fundamental dif-
ferences in the frequency and nature of inquiry-based instruction reported by students
associated with the highest and lowest levels of science achievement. For the highest
performing profiles of students, results illustrate both consistencies and unique fea-
tures of science instruction students report across four distinct clusters of countries.
We discuss implications of these results for theory, research, and the design of science
learning environments.

Keywords: PISA, secondary science, inquiry-based teaching, Elementary school,
learning environment; models & modelling, elementary/primary school

Introduction

In light of the urgency of today’s most pressing global challenges, there
has been increasing emphasis placed upon science education reform
across K-12 contexts worldwide (e.g. Neumann, K,, Fischer, H., & Kau-
ertz, A., 2010; National Research Council [NRC], 2000, 1996; Wadding-
ton, Nentwig, & Schanze, 2007). Consistent with the global vision for
science education, today’s students must not only develop scientific un-
derstanding, but also learn to use it to reason, problem-solve, and make
decisions about these challenges. Collectively, this knowledge and skills
reflect an individual’s scientific literacy. One instrument that provides
a measure of scientific literacy is The Programme for International Stu-
dent Assessment (PISA), a triennial international survey that assesses
the knowledge and skills of 15-year-old students. PISA measures stu-
dents’ scientific literacy as the use of scientific knowledge to identify
questions, acquire new knowledge, explain scientific phenomena, and
draw evidence-based conclusions about science-related issues (OECD,
2017a,2016a, 2016Db).

But how can scientific literacy be best cultivated among students in
science classrooms? Science education policy, both past and present,
as well as international research, have and continue to theorize about
and investigate the nature of science teaching and learning. One focus
of this discussion has been on opportunities for students to engage in
the processes and practices of science, or scientific inquiry. Historically
contrasted with more traditional, teacher-centered instruction, a grow-
ing body of research indicates that effective inquiry learning is guided,
with strategic direction from the teacher, as opposed to exclusively stu-
dent-directed (e.g. Furtak, Seidel, Iverson, & Briggs, 2012; Minner, Levy,
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& Century, 2010; Schroeder, Scott, Tolson, Huang, & Lee, 2007). Results
from prior PISA analyses provide additional support for these find-
ings (e.g. Hwang, Choi, Bae, & Shin, 2018; Lau & Lam, 2017; Tang, Tsai,
Barrow, & Romine, 2019). Most studies based on PISA data, however,
have focused on the relationship between science teaching and science
achievement in a single country or compared science teaching between
countries with different levels of student science achievement. Such re-
search is limited by a lack of control of confounding variables at the
country level (i.e. school system, educational expenditure, or cultural
value of science education). More research is, therefore, needed on how
groups of students with similar achievement levels across countries per-
ceive science teaching and learning to support theoretical claims about
the effect of inquiry-based teaching on students’ scientific literacy.

To address these needs, we conducted analyses of data from the 2015
PISA administration. Specifically, we investigate relationships between
reported science instruction and student outcomes in a subset of coun-
tries (n = 13) from around of the world. These countries were purpose-
fully selected to provide a representative sample of (a) levels of overall
student science achievement and (b) contexts in which PISA items de-
signed to measure inquiry-based teaching (the IBTEACH scale) do not
exhibit a uni-dimensionality, suggesting comparative variation in how
inquiry may be experienced by students in different countries. Using La-
tent Profile Analysis (LPA), we first identify groups of students reporting
specific patterns of inquiry-based teaching and related these patterns to
their science achievement in each of these countries. We then use clus-
ter analysis to compare patterns of inquiry-based teaching associated
with the highest average student achievement and investigate relation-
ships between these patterns and other teaching variables (teacher-di-
rected instruction, perceived feedback, and instructional adjustments)
across countries.

Background and conceptual framework
Scientific literacy and PISA
Science education reform policy has long advocated for and supported

an emphasis on core knowledge of scientific disciplines, the processes
and practices of science, and relationship between humans and the
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natural world. While standards for science teaching and learning re-
flect these core areas of focus, collectively they speak to a more global
goal of science education - scientific literacy - or abilities to apply sci-
entific knowledge and practices to real-world phenomena in everyday
life. PISA affords the opportunity to comparatively evaluate educational
practices and outcomes, as well as related factors, through data collected
from comparable samples of secondary students in over 70 countries.
Science is a core discipline for which PISA provides a measure, focusing
on core concepts of scientific domains (life, physical, Earth/space), how
scientists engage in scientific study of the natural world to generate this
knowledge, and the social, ontological, and cultural characteristics of
these endeavors within and across scientific communities. The science
competencies measured in PISA are collectively defined as ‘scientific lit-
eracy’, which reflects a skillset in response to the question, ‘What is im-
portant for young people to know, value and be able to do in situations
involving science and technology?’ (OECD, 2017a, p. 20). More specifi-
cally, within PISA, scientific literacy is defined by three constituent di-
mensions: (1) explaining phenomena scientifically (content knowledge);
(2) evaluating and designing scientific inquiry (procedural knowledge);
and (3) interpreting data and evidence scientifically (epistemic knowl-
edge) (OECD, 2017a), each of which align with core outcomes in stan-
dards for science teaching and learning worldwide. These domains are
integral to the design of individual PISA science items.

Science teaching and learning

While the concepts inherent to scientific disciplines have always been
the core focus of science education, in the last half-century, emphasis
has grown on students’ participation in the processes and practices of
science, or ‘science as inquiry’. While the particulars of these ideas are
subject to ongoing theoretical and empirical discussion, the focus on
‘doing science’ has become conventional wisdom and an overarching,
defining characteristic of the science education community, including
practitioners, researchers, and policymakers, in the United States (NGSS
Lead States, 2013; NRC, 1996) and internationally (e.g. Neumann, et al.,,
2010; Waddington et al., 2007). In PISA 2015, this emphasis is reflected
in an inquiry-based teaching (IBTEACH) scale on the student question-
naire (OECD, 2016b, p. 242). Based on the meta-analyses of Furtak et
al. (2012), inquiry-based science teaching is defined as a multifaceted
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construct including different teaching activities such as conceptual, so-
cial, procedural, and epistemological activities. Some of these activities
are more teacher-guided others more student-led (Miiller, Prenzel, Se-
idel, Schiepe-Tiska, & Kjaernsli, 2016). These activities are reflected in
nine (n = 9) individual IBTEACH items reflecting two key dimensions of
theoretical perspectives on inquiry. First, they foreground the kinds of
inquiry practices in which students should engage, including identify-
ing empirical questions, participating in experiments or investigations,
working with data, formulating evidence-based claims about the natu-
ral world, and communicating and negotiating explanations for how and
why natural phenomena occur. Second, they reflect the degree of stu-
dent- or teacher-direction. Individual inquiry practices may be driven
more heavily by students or be coupled with higher levels of teacher
guidance. For example, students may design their own investigations
(student-directed) or a teacher may provide students with a pre-de-
termined investigation to conduct (teacher-directed). Both of these di-
mensions of classroom inquiry are critical components of the inquiry
continuum (NRC, 2000) and relevant aspects of learning opportunities
students are afforded in science classrooms.

Yet, long-standing questions persist about the evidence base upon
which inquiry-based teaching rests. Science education researchers
around the world have investigated process- and practice-based (i.e.
inquiry-based) science teaching and learning spanning K-12 settings
and disciplines, and this work has led to a significant literature base in
the field of science education. However, scientific inquiry has histori-
cally been challenging to concretely define, operationalize, and measure
through empirical research, and questions remain about which activities
are most successful and about the degree to which these learning oppor-
tunities should be more student-led vs. teacher-guided. While the former
has often been heralded as what Settlage (2007) describes as the ‘gold
standard’ for science education, theoretical perspectives (Kirschner,
Sweller, & Clark, 2006), as well as more recent meta-analyses and large-
scale comparative studies on science education interventions (e.g. Fur-
tak et al., 2012; Minner et al., 2010; Schroeder et al.,, 2007), suggest
student-directed classroom inquiry may not be as effective as instruc-
tion involving significant guidance through science teachers. But how
much and what types of guidance most strongly support students’ sci-
ence learning? These are important questions that merit further study,
not only to define and describe the nature of instructional guidance that
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may be most beneficial to students, but also to do so in varying and di-
verse secondary school contexts. PISA affords an opportunity investi-
gate these questions using a largescale, comparative dataset from sec-
ondary science classrooms around the world that affords a measure of
not only inquiry-based teaching, but also validated scales for teacher-di-
rected teaching (TDTEACH), perceived feedback to students (PERFEED),
and adjusting instruction in response to students’ thinking (ADINST).

Results of prior PISA-based research

Many science education studies have been conducted using data from
the 2006, 2009, and 2015 administrations of the PISA. While PISA data
can only help establish associations between variables (not causal re-
lationships), there are several consistent findings across these studies
that are relevant to the study conducted here. First, while scientific in-
quiry is a core focus of science education reform, it is not the predom-
inant or most common form of instruction students report experienc-
ing in secondary science learning environments (OECD, 2016b; Tang et
al,, 2019). This is especially the case for its most student-directed der-
ivation which, on average, is reported by less than 10% of students as
the most common form of science instruction. For example, the major-
ity (>70%) of students in OECD countries report being asked to design,
conduct, and/or debate investigations and experiments only occasion-
ally or never, while reported frequencies of sense-making activities, such
as explanation, are far higher. In contrast, students report much higher
incidence of teacher-directed science instruction, including teacher-led
discussions, teacher explanations, and demonstrations. These findings
suggest that most secondary science instruction worldwide, at least as
students perceive it, is predominantly more teacher-directed with some
integration of inquiry-based and more traditional pedagogical elements.

Second, prior research has shown that higher levels of reported stu-
dent-directed inquiry is associated with lower overall scientific literacy.
This is a universal finding in studies of the two most recent science-fo-
cused PISA administrations: 2006 and 2015. This trend has been well-
documented based upon analyses of the 2006 data focused on the United
States (Jiang & McComas, 2015), Australia, Canada, New Zealand (McCo-
nney, Oliver, Woods-McConney, Schibeci, & Maor, 2014), Finland (Kang
& Keinonen, 2017), OECD countries in general (Kobarg et al., 2011), and
many other countries (Cairns & Areepattamannil, 2017; Gee & Wong,
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2012). Similar studies based upon the 2015 PISA data have investigated
top performing countries, mostly in Asia and Europe (Aditomo & Klieme,
2020; Lau & Lam, 2017), lower-performing countries from South Amer-
ica and the Middle East (Hwang et al., 2018), the European Union (Costa
& Aratjo, 2018), and the United States (Tang et al.,, 2019). Across these
studies, results show that the highest levels of secondary students’ scien-
tific literacy are associated with a combination of teacher- and student-
directed instruction, often referred to as ‘guided inquiry’. The assertion
that scientific literacy is most strongly associated with instruction that
includes both inquiry-based and more traditional instructional methods,
but with significant structure and guidance from the teacher, is grounded
in a substantial and growing body of evidence. With regard to differ-
ent types of activities, particularly epistemic learning activities as well
as a combination of procedural, epistemic, and social activities showed
higher effect sizes as compared to traditional teaching that only empha-
sizes conceptual learning activities (Furtak et al., 2012).

However, despite this growing evidence base, a detailed account of
inquiry-based instruction’s underlying elements or consistency across
contexts remains limited. Both student-led and teacher-guided inquiry
instruction are constructs comprised of specific, underlying instructional
practices represented by individual PISA questionnaire items which, in
turn, define PISA’s scales for inquiry-based teaching (IBTEACH). De-
spite overall reliability of these scales (OECD, 2017b), very recent stud-
ies based upon PISA 2015 suggest that IBTEACH may not always exhibit
characteristics of a single scale (Aditomo & Klieme, 2020; Lau & Lam,
2017). Rather, the individual IBTEACH items may yield multiple sub-di-
mensions of inquiry-based instruction that can be interpreted as dis-
tinct from one another. For example, results of PISA 2006 analyses show
that designing and conducting investigations may be a strong predictor
of lower levels of scientific literacy, while sense-making about data and
formulating explanations are more strongly associated with higher lev-
els of scientific literacy (Areepattamannil, 2012; Areepattamannil, Free-
man, & Klinger, 2011; Gee & Wong, 2012; Jiang & McComas, 2015; Kang
& Keinonen, 2017), though each is part of the IBTEACH scale. However,
while prior studies have focused on analysis of country-level data, there
has been no prior research comparing these trends in subgroups of stu-
dents at similar levels of science achievement across countries. This is
an important area for future research to (a) establish which inquiry-
based instructional practices are most strongly associated with science
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achievement and (b) the degree to which these observed patterns are
consistent for similar groups of students in different countries. To ad-
dress this need, we ask the following research questions:

(1) How can profiles of inquiry-based instruction associated with
highest and lowest levels of students’ science achievement be
characterized?

(2) For students in the profile associated with the highest levels of
science achievement, how is the inquiry-based instruction they
report similar or different between countries?

(3) How are inquiry-based teaching patterns reported by students in
the profile associated with the highest levels of science achieve-
ment related to other aspects of instruction?

Methods

The main aim of this research is to further explore what types of inquiry
activities are successful for students’ learning and how much student-
directed vs teacher-guided inquiry is necessary. Data used for this study
were drawn from the 2015 administration of the PISA. Approximately
540,000 secondary students completed the assessment in 2015, repre-
senting about 29 million 15-year-olds in the schools of the 72 partici-
pating countries and economies. PISA provides a measure of science,
reading, and mathematics through a 2-hour assessment and 35-minute
questionnaire. On a rotating basis, one of these subject areas is a pri-
mary focus of PISA while the rest are minor domains. In 2015, science
was the focus subject of PISA, meaning 1 hour of testing - 50% of the to-
tal assessment - was devoted to science, as well as a subset of items on
a questionnaire related to science instruction.

Measures

Perceived science teaching. As part of the student questionnaire, students
were asked a series of questions about the science instruction they expe-
rience. We use four standardized indices of aspects of science instruction
as characterized by students: Inquiry-based science teaching (IBTEACH),
teacher-directed instruction (TDTEACH), perceived feedback from the
teachers (PERFEED), and teachers’ instructional adjustments (ADINST)
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(see Appendix A; OECD, 2016b, p. 242). These indices have been the sub-
ject of previous research, were adapted to the specific needs of large-
scale assessment studies (Miiller et al.,, 2016), and exhibit high reliabil-
ity (Qpprgach = 825 Qigrpacy = 86, Apprpgep = 91 and oty = .80).

Science achievement/scientific literacy. Iltems measuring science achieve-
ment in PISA 2015 (OECD, 2017b) were constructed around real-world
scenarios, called ‘units’ designed around topics spanning different types
of contexts (health, environment, natural resources, etc.) at varying lev-
els of relevance to students (personal, community, global, etc.). Three
item types are included for each unit: simple multiple choice, complex
multiple choice, and constructed response items. The PISA 2015 science
assessment contained a total 184 items. Collectively, these items com-
prise an overall scientific literacy score for students through a focus on
context, knowledge, competencies, and attitudes related to science. Stu-
dents spent one hour completing two, 30-minute ‘clusters’ of science
items and no single student answered all items. Instead PISA employed
a matrix-design, in which each student answers only a subset of the total
number of items. As the focus of the study is not on individual student
achievement but on the aggregated level of country, this design allows
for a high level of accuracy by ensuring a short testing time for each stu-
dent at the same time. That is, the PISA assessments solicits relatively
few responses from each students on any one domain, while maintain-
ing representation of a range of contexts, knowledge, competencies and
attitudes. Hence, PISA employs a population model approach that is a
combination of an Item Response Theory (IRT) model and a latent re-
gression model. In PISA 2015, for each student, ten plausible values were
estimated (see OECD, 2016a for scaling details). The PISA achievement
scale has historically been set at 500 (SD = 100). Since the PISA 2015
achievement scores are reported on a joint scale with previous PISA it-
erations to allow for trend analyses, the scale mean of the PISA 2015 it-
eration was 493 (SD = 94).

Sample and data

Here, we focus on analysis of student data (N = 74,877) from 13 coun-
tries participating in PISA 2015. Selection criteria for these countries
were twofold. First, these countries were selected to reflect a range of
mean student science achievement levels below, at, and above the OECD
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average. Second, they were selected because they exhibited variation
within the IBTEACH scale. To establish the second selection criterion, we
conducted exploratory factor analysis on data for each individual coun-
try. Results show that in each selected country, the IBTEACH items do
not show evidence of a single scale but, rather, can be grouped into two
or more distinct categories within each country (2 or more factors with
Eigenvalues > 1). The exceptions to this selection criterion are [2 coun-
tries, The exceptions to this selection criterion are the United States and
Germany, which were included in the analyses because they are the au-
thors’ home countries.], which were included in the analyses because
[blinded for peer review]. For these countries, IBTEACH exhibits char-
acteristics of single scale (a single factor with an Eigenvalue > 1), as it
does for the majority of country-level PISA data. A summary of the PISA
2015 data from these countries used in the study is included in Table 1.

Data analysis procedures

In order to answer our research questions, we determined typical pat-
terns of inquiry-based teaching in each country and identified the pat-
terns associated with the highest and lowest levels of student science
achievement. We then compared patterns associated with highest and
lowest science achievement across countries to explore if common char-
acteristics of instructional patterns reported by high and low achieving
students can be identified across countries (RQ1). Next, we examined in-
structional patterns reported by high achieving students in greater de-
tail to identify typical patterns of effective inquiry-based teaching. Lastly,
we explored how those patterns were related to other instructional vari-
ables such as teacher-directed teaching (TDTEACH), perceived feedback
(PERFEED) and teachers’ instructional adjustments (ADINST). Figure 1
provides an overview of the steps performed in the data analysis.

Step 1 Step 2 Step 3 Step 4
Determination of patterns Comparison of patterns of Identification of typical (Further) characterization | |
of inquiry-based teaching inquiry- based teaching patterns of effective of typical patterns of
and identification of associated with highest inquiry- based teaching effective inquiry- based
—===| patterns associated with and lowest average student across countries (RQ2) teaching in terms of other [
highest and lowest average achievement across aspects of science teaching
student achievement countries (RQ1) (RQ3)

Figure 1. Overview of data analysis steps.
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In the first step, to identify typical patterns of inquiry-based teach-
ing, we employed Latent Profile Analysis. Latent Profile Analysis (LPA)
is a statistical method used to identify a series of homogeneous sub-
groups in a sample with respect to a series of continuous indicators
(Oberski, 2016). In order to determine the number of subgroups for
each country with respect to the IBTEACH items, we followed the com-
monly used procedure to fit a series of models assuming one, two, three,
etc. up to ten subgroups and identifying the best fitting model (Holz-
berger, Praetorius, Seidel, & Kunter, 2019). In Appendix B, we present
the Likelihood (LL), Akaike Information Criterion (AIC), Bayes Infor-
mation Criterion (BIC), and Entropy as well as the Lo-Mendell-Rubin
(LMR), Vuong-Lo-Mendell-Rubin (VLMR) and Bootstrapped Likelihood
Ratio Tests (BLRT). We identified the optimal number of profiles for
each country based upon minimum LL, AIC and BIC, significance in LMR,
VMLR and BLRT, and most importantly, a local maximum in Entropy -
ideally above .90 or at least .80, which are commonly considered as in-
dicating very good or good fit (Celeux & Soromenho, 1996). Following
this procedure, we obtained the following number of profiles for the re-
spective countries (marked bold in Table S2): Netherlands (4), Japan
(4), Korea (3), Denmark (5), Germany (5), USA (3), France (5), Czech
Republic (4), Indonesia (5), Mexico (3), Hungary (3), Bulgaria (4), Ro-
mania (4). We continued our analysis by determining the subgroups
with the highest and lowest levels of student science achievement and
respective pattern of inquiry instruction (i.e. the average score on each
IBTEACH item). Table 2 shows the descriptive statistics for the highest
and lowest achieving subgroups for each of the countries, which range
in size from a few hundred to over 3000 students.

In the second step, for an initial examination of the inquiry teaching
patterns reported by high and low achieving students, we compared av-
erage scores across items for each pattern by means of t-tests. To inves-
tigate whether patterns differ across countries, we used Multivariate
Analyses of Variance (MANOVA) followed by subsequent t-tests; that is,
we determined whether there were any differences between patterns
associated with the highest and the lowest achievement, before we iden-
tified the specific countries that differed and on which items these coun-
tries differed. A power analysis suggests that at an average sample size
of N = 1812 the MANOVA can detect already extremely small effects of
less than .01, and ANOVA or t-tests respectively can detect very small
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Table 2. Descriptive statistics for highest- and lowest-performing students by
country (N = 13).

Country Profile N Mean Standard deviation
Netherlands High 923 551.59 85.86
Low 477 456.68 97.79
Japan High 1308 565.25 87.62
Low 559 498.58 101.01
Korea High 3119 539.16 88.9
Low 494 464.91 95.92
Denmark High 950 527.02 81.19
Low 220 458.61 82.67
Germany High 1354 547.99 94.66
Low 601 486.92 94.93
United States High 2120 506.99 97.31
Low 630 464.73 92.6
France High 570 545.17 85.25
Low 400 463.42 93.38
Czech Republic High 1020 508.8 90.16
Low 712 457.46 94.09
Indonesia High 2846 412.96 67.29
Low 384 368.1 66.4
Mexico High 3244 422.06 70.49
Low 1163 399.72 70.68
Hungary High 2227 490.69 88.71
Low 451 425.81 94.67
Bulgaria High 2315 481.87 94.71
Low 462 399.35 91.28
Romania High 1564 443.29 76.67
Low 287 404.21 82.43

effects of .12. To minimize the risk of a Type I error and misidentifica-
tion of non-significant differences as statistically-significant, we have
employed Bonferroni correction were appropriate.

In the third step, to identify typical patterns of effective inquiry-based
teaching, we utilized cluster analysis to group country-level subgroups
showing similar patterns of inquiry-based instruction associated with
the highest level of student achievement. We determined the number
of significant clusters using hierarchical clustering with the assumption
of no a priori groups. Hierarchical clustering is a method in which clus-
ters are build bottom-up; that is, initially, each pattern is considered to
form a unique cluster, then the two clusters that are considered most
similar (or least different for that matter) are grouped into a single clus-
ter. This latter step is repeated until all patterns form a single cluster.
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Hierarchical clustering requires determining (dis-) similarities (i.e. dis-
tances) between clusters. In case of a metric scale, which is the best ap-
proximation to the averaged values of student ratings on the items, the
most commonly used distance measure is Euclidean. Hence, we chose
this measure as the distance measure in our analysis. In addition to a dis-
tance measure, a clustering (i.e. aggregation method) is needed. Here, we
use the complete linkage method (Whitaker & Christman, 2014), which
aims to find the largest distance between the elements of the two clus-
ters, since we were aiming to identify similar profiles. Since meaningful
clustering of profiles across thirteen countries naturally leads to small
sample sizes (i.e. smaller number of profiles grouped into each cluster),
we relied exclusively on descriptive statistics in comparing clusters of
profiles instead of applying inferential statistics.

In the fourth and last step, in order to further characterize patterns
of effective inquiry-based instruction, we examined the average scores
of teacher-directed teaching (TDTEACH), students’ perceived feedback
(PERFEED) and teachers’ instructional adjustments (ADINTS) for the
clusters identified.

The data were analyzed using the statistical software R 3.5.2 (R Core
Team, 2018a) and MPLUS (Muthén & Muthén, 2018). The publicly-avail-
able SPSS data were loaded into R using the package foreign (R Core
Team, 2018b). We used the MplusAutomation (Hallquist & Wiley, 2018)
package to run the Latent Profile Analysis. In order to determine aver-
age student achievement for the subgroups identified based on plausi-
ble values accounting for student weighing we utilized the BIFIEsurvey
package (Robitzsch & Oberwimmer, 2018). For the cluster analysis we
utilized the clustsig R-package (Whitaker & Christman, 2014).

Results

In the results that follow, we present findings for each of our stated re-
search questions. First, we identify and describe patterns of inquiry-
based instruction as characterized by students associated with the high-
est and lowest levels of student science achievement across countries.
Next, we examine differences in patterns of inquiry-based instruction be-
tween countries for the patterns associated with the highest levels of stu-
dent science achievement. Finally, we characterize broader instructional
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patterns within previously identified groups of countries sharing similar
patterns using additional PISA indices for science instruction (TDTEACH,
PERFEED, ADINST).

Inquiry-based instructional profiles for highest- and lowest-
performing students

In research question #1, we asked, ‘How can profiles of inquiry-based
instruction associated with highest and lowest levels of students’ sci-
ence achievement be characterized? To address research question #1,
we conducted LPA to identify the inquiry-based teaching pattern asso-
ciated with the highest and lowest levels of student science achieve-
ment for each country. Findings from these analyses are presented in
Figure 2, which shows the average scores on the items that comprise
the IBTEACH scale for each of these two patterns across countries. In
Figure 2, the lines represent the meanwhile the shaded area reflects the
range across all thirteen countries. These results show that in inquiry-
based instruction associated with the lowest student achievement, ev-
ery single aspect that constitutes inquiry-based teaching occurs in most
to all lessons. Accordingly, when accounting for alpha level error infla-
tion, only the difference between the frequency of students explaining
their ideas (Q01) and students spending time doing experiments (Q02)
differ significantly from one another, £(20.01) = -4.42, p <.0014. No sta-
tistically-significant differences are observed in pairwise comparisons
of the remaining IBTEACH items for the lowest-achieving subgroup. In
other words, the profile associated with the lowest mean student sci-
ence achievement across these 13 countries is characterized by high lev-
els of all aspects of inquiry-based teaching.

In contrast, the pattern of inquiry-based instruction associated with
highest levels of student science achievement differs from the pattern as-
sociated with lowest levels of student science achievement in two ways.
Students reporting this pattern report comparatively less frequent ex-
periences with all aspects of inquiry, as evidenced by the lower mean
item scores for all IBTEACH items. Results of a multivariate analysis of
variances (MANOVA) test indicate that the differences in patterns of in-
quiry-based teaching reported by high and low achieving students are
statistically-significant, F(1,9) = 47.87, p < .001. Pairwise comparisons
of individual IBTEACH item means in the two patterns show that all
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Figure 2. Patterns of inquiry-based teaching for high and low achieving students across
countries based on students’ ratings of the frequency of occurrence (1-never or hardly
ever, 2-in some lessons, 3-in most lessons, 4-in all lessons) of IBTEACH items (ST098)
Q1 through Q10: Student explain their ideas (Q01), Students spend time doing exper-
iments (Q02), Students argue about science questions (Q03), Students draw conclu-
sions from experiments (Q05), Teacher explains ideas (Q06), Students design their
own experiments (Q07), Class debate about investigations (Q08), Teacher explains
relevance (Q09), Students test ideas (Q10).

observed differences for all items are statistically significant (Appen-
dix C). In the majority of cases the difference ranges between all vs.
most (e.g. students explaining their ideas, Q01) or some to many les-
sons (e.g. students spending time doing experiments, Q02). The largest
difference can be observed for students designing their own experiments
(Q07) which is substantially lower for the pattern associated with high
achievement as compared to the pattern associated with low achieve-
ment. Additionally, much more internal variation is observed in IBTEACH
items within the pattern associated with highest levels of student science



FORBES, NEUMANN & SCHIEPE-TISKA IN INTL | SCIENCE EDUCATION 42 (2020) 17

Table 3. Significance of T-tests between IBTEACH items (ST098) means within profile associated
with highest levels of student science achievement.

ST098 Q07 Q02 Q03 Q05 Q06 Q07 Q08 Q09 Q10
Student explain their ideas Q01 * FREkxk *
Students spend time doing experiments Q02 *

Students argue about science questions Q03

Students draw conclusions from experiments Q05 o

Teacher explains ideas Q06 FRE Rk *
Students design their own experiments Qo7 ek
Class debate about investigations Q08 *
Teacher explains relevance Q09

Students test ideas Q10

*p <.0015

** p < 0.00028
*** p < 0.000028
Significance levels have been adjusted using Bonferroni correction for multiple T-tests.

achievement as compared to the pattern associated with lowest levels of
student science achievement. Even when correcting for alpha level er-
ror inflation, statistically significant differences are observed between
mean scores for several IBTEACH items WITHIN the pattern associated
with highest levels of student science achievement, as shown in Table 3.
For example, the lowest means are observed for more student-directed
and investigation-focused items, including students designing their own
experiments (Q07) and class debate about investigations (Q08). Differ-
ences are statistically significant between these lower item means and
more teacher-guided, conceptual, and sense-making-focused items, in-
cluding students explain their ideas (Q01), teacher explains ideas (Q06),
and teacher explains relevance (Q09), which have the highest items
means within the profile associated with highest levels of student sci-
ence achievement. Overall, these findings would suggest that patterns
of inquiry-based teaching associated with the highest levels of students’
science achievement are characterized by more differentiated instruc-
tion in which different aspects of inquiry are highlighted or emphasized
comparatively more or less across periods of instruction.

In summary, these results illustrate overarching patterns in inquiry-
based teaching (IBTEACH) as characterized by students in these 13
countries who, on average, exhibited the highest- and lowest levels of
science achievement. Students reporting the pattern associated with
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lowest levels of student science achievement note more frequent and
consistent experiences with all aspects of inquiry-based instruction. In
contrast, students reporting the pattern associated with highest levels
of student science achievement indicate relatively less frequent experi-
ences with inquiry-based instruction, particularly for student-led pro-
cedural activities, such as designing their own investigations (Q07) and
testing their own ideas (Q10), as well as arguing about science questions
(Q03). Explanation- focused, conceptual and social activities are most
frequently reported while investigation- focused, procedural practices
are relatively less commonly reported in both patterns.

Inquiry-based instruction across countries for highest-performing
students

In research question #2, we asked, ‘For students in the profile associated
with the highest levels of science achievement, how is the inquiry-based
instruction they report similar or different between countries?’ To ad-
dress research question #2, we disaggregate the data for students in the
pattern associated with highest levels of student science achievement
(Figure 2) by country. More specifically, we investigated the individual
patterns associated with the highest average student achievement for
each country and compared the profiles across countries. Mean scores
for IBTEACH items are presented for each country in Table 4. This infor-
mation provides an overview of the average occurrence of each aspect
of inquiry-based teaching as reported by students associated with the
highest achieving pattern for each of these thirteen countries. These re-
sults corroborate the aggregate findings from research question #1 for
the pattern associated with the highest levels of student science achieve-
ment. Not only is variation observed between IBTEACH items within
data for individual countries but, as importantly, these patterns vary be-
tween countries. What this suggests is that the inquiry-based instruc-
tion experienced by students reporting the pattern associated with the
highest achievement in each country differ from one another. Students
report, for example, that they are allowed to explain their ideas (Q01) in
most to all lesson in Romania, whereas students in Korea report them
being allowed to explain their ideas in only some lessons, t(3711.11)
=56.347, p <.001. Students in France design their own experiments in
only few lessons, but spend time doing experiments in many lessons,



19

FORBES, NEUMANN & SCHIEPE-TISKA IN INTL | SCIENCE EDUCATION 42 (2020)

‘elUBWIOY ‘NOY ‘euebing “Yog Aiebuny

‘NNH ‘02IXa\ ‘XJIN ‘eIsauopu| ‘N@| 21ignday ysaz) ‘37D ‘9dueld 'wy4 's91e1s patun ‘vsn ‘Auewsan ‘n3qg Sewusq HNQG ‘ea40d "JOy ‘ueder ‘Ndf ‘spuepayiaN ‘AN e

890 €90 980 ¢90 2¢L0 ¢80 190 8€O0 180 LS50 290 680 /80

9%'¢  6L'¢ 0Ol'e 99¢ 6¥E Sl'E 69¢€ 88E€E 86C 2¢LE 6C€ L0E 98¢ MmO]

060 /S0 090 ¢80 180 ¥.0 8.0 SL0 LLO0O ¢60 ¥EO 8.0 080

vre vl 9€’L 18¢ 60¢C 96¢C 181 L' S¢e¢  SsLe  clL el a8l uybIH sespl 1591 spu=pnIS 0LD
990 8€0 690 050 090 890 190 S€0 ¥80 LFO LSO <¢/0 ¢80

89'¢  /8E 8E€E 8L¢ L9¢ 6EE 69CE 88E G6¢C L8'€ 9¢€'E 92t 86¢C MO

180 080 €0 S0 0L0 2,0 €60 ¥,.0 180 090 €60 €60 9.0

€L'E Sl Sl €TE  6£E  STE  S9T  L0€  0ST  SSE vl €42 6.2 YOH odueAd|al sute|dxa Jaydes] 60
¢L0  €€0 120 120 L0 ¥.0 ¥90 ¥S0 SL0 <¢¥0 ¥SO L¥VO /80

€5'€  68¢€ §€E  §9E  09¢ Lge  §9E  §L'E cleE  ¥8E  pEE  PEE L6'¢ MO

980 ¥90 ¢S0 180 0S50 ¢80 980 180 9.0 €80 S0 000 290

0ogec 29l LEL 6¢c¢c ¥l 8€'¢ L0¢ 9¢¢ €S¢ 00€ 90'L 00’1 99°L ybiH suopebisaAul Inoge 33egap sse|d g0
090 L0 890 €60 ¥80 ¥S0 L/0 ¢60 9¥0 OF0 690 ¥0O'L 90

29t 08¢ Lee Le'e o¥e e6g£€e LSE  vFE  62€ 08¢ Lge 9L¢ 6C¢€ MmO

87’0 9¥0 L¢0 880 SL0 ¢S50 SL0 ¥80 000 0S0 9€0 ¥L0O 000

€9°L yxah L0L 90C 681l Lyl SL'L LL'e 001 8L Ll Lyl 00’1 ybIH spuaWILIRdXS UMO J13Y3 UBISap siuspnis /0D
v.L0 ¥€0 8.0 S¥0 ¥90 ¢L0 L0 €€0 ¥/0 0€0 €S0 890 8.0

9t 06 veEE €8E  V9E  6EE  S8E  ¢6E  OL'E  06E ZvE  0€E  €0E MO]

/80 640 060 2¢L0 980 ¥90 090 990 9/0 ¥¥0O 860 ¥LO 190

90'¢  9¢¢ LEZ  ¥E€E  v6T 8FE  ¥LE  62€  00E€ 8L€ vk  90€ €62  UBIH seap! sute|dxa Jaydes| 900D
S90 L¥O0 G980 L0 ¢90 880 ¢¥0  LEO L0 6€0 990 ¢80 LL0

¥9¢ 08¢ €Lt ¥LE  S9¢€  0Ol'E ¢8t 88¢ 8Lt 88¢ ¥ZE 0CE 90E  MO]

980 190 650 180 €90 ¥80 S¥0 890 ¥.0 950 L¥0 960 0.0

8L¢ 89l Lyl 08¢ €¢¢ 9l'e 9L¢ LOoE 80E €9t 8l'L ¥8¢ 08Z UbH SJUSWILISAXS W4 SUOISN|DUOD MEIP SIUSPNIS G0D
890 €¥0 60 <290 €0 060 ¥90 8.0 680 €0 ¥90 960 ¥60

19'¢  2¢8'¢  €0¢€ l9°¢ 89€ L0E ¥9€ 89E 68¢C ¥8E ¥ZE 98¢ 6LC MO

¢80 ¥90 90 SL0 ¥80 ¥80 850 ¥80 9.0 L0 GS€0 €80 LL0

vre  v8l 8¢l 9¢'c 19¢ (WA LG€  vE€¢ 9g€¢ e6£E ¢l S9'L 202 YbIH suofsanb a5uads Inoge anbie syuspnis €00
¥60 /60 660 640 101 0L 00°'L ¥.0 /80 ¥r0 S80 SO 980

8¢t 6€€ 08¢ 8¥ec 08¢ Lg¢ G0'€ 99¢€ vL¢ €8€E 20E 2¢9¢C 66¢C MO

9.0 8¥0 L¥0O 080 950 8.0 €0 SL0 890 190 ¥¥0 680 080

Lge 9Tl 8Ll cee €L €l'ec 0L¢ SS¢ 80¢ GsE€E ¢l 8L¢ 1SZ  YbIH sjuawiadxe bulop awi puads s)uapnis 20O
650 S€0 €90 9¢0 090 90 v¥O €€0 ¥L0 9€0 S9S0 890 €10

08¢ €6t L9E 88¢ 0LE 69¢C ¥8E 26t LEE  [8E Z¥E  EEE €t MO]

9,0 S80 ¢60 0L0 /80 L0 €90 990 690 990 ¢60 S60 VL0

Ve 9€¢C  §EC V'€ v6'¢ ¢5€ ¢9¢€  SEE LEE 2S¢ ¥0Z 78T 68C YbIH seap! J1ay3 ute|dxa Juspnis LoD
noy ¥59 NNH XiIW  Nal 320 I£E] vSn  Nia AN 40X Ndr aiN  anjoid way|

p A3unod

‘9iy04d Bulwiopiad-1saybiy 1oy A13unod Aq suolleinap piepuels pue suesw wal HOVI1d| ¥ d|qeL



FORBES, NEUMANN & SCHIEPE-TISKA IN INTL | SCIENCE EDUCATION 42 (2020) 20

t(1123.50) = 21.57, p <.001, whereas students in Bulgaria both spend
time doing experiments and design their experiments in only few lessons,
t(4493) = 0.66, p = .51. These findings suggest that the inquiry-based
teaching associated with the highest levels of student science achieve-
ment differ across countries. Results of a MANOVA of the nine IBTEACH
items across countries show that there are statistically- significant differ-
ences between countries in terms of IBTEACH item means, F(12, 108) =
419, p <.001, which is expected given the large sample sizes of the coun-
try-specific data (570 < n < 3244, see data analysis section).

In order to further explore similarities or dissimilarities between
IBTEACH item means between countries, and to attempt to more for-
mally establish patterns of effective inquiry-based instruction across
countries, we performed a cluster analysis based on comparisons of the
country-specific IBTEACH item data. Figure 3 shows the resulting den-
drogram, which displays the similarity or (increasing) dissimilarity re-
spectively between data for individual countries. The ideal number of
clusters is commonly determined by identifying larger gaps between
levels of dissimilarity (at the point(s) where patterns are merged into a
cluster). In the dendrogram shown in Figure 3, this applies to the height
of approximately 2.0, suggesting the country-specific IBTEACH data are
best grouped into four different clusters. The patterns for these clusters
are shown in Figure 4.
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Figure 3. Dendrogram resulting from cluster analysis grouping profiles by similarity
of IBTEACH across countries: Netherlands (NLD), Japan (JPN), Korea (KOR), Denmark
(DNK), Germany (DEU), United States (USA), France (FRA), Czech Republic (CZE), In-
donesia (IND), Mexico (MEX), Hungary (HUN), Bulgaria (BGR), Romania (ROU).
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Figure 4. Country-specific IBTEACH groupings identified from cluster analysis of
IBTEACH items (ST098) Q1 through Q10: Student explain their ideas (Q01), Students
spend time doing experiments (Q02), Students argue about science questions (Q03),
Students draw conclusions from experiments (Q05), Teacher explains ideas (Q06), Stu-
dents design their own experiments (Q07), Class debate about investigations (Q08),
Teacher explains relevance (Q09), Students test ideas (Q10); and countries: Nether-
lands (NLD), Japan (JPN), Korea (KOR), Denmark (DNK), Germany (DEU), United States
(USA), France (FRA), Czech Republic (CZE), Indonesia (IND), Mexico (MEX), Hungary
(HUN), Bulgaria (BGR), Romania (ROU).

Figure 4 shows four distinct clusters of countries representing pat-
terns of inquiry-based instruction associated with highest average lev-
els of student science achievement. Each pattern is defined by the rela-
tively infrequent occurrence of students design their own investigations
(Q07), which was shown previously in response to RQ#1. However,
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these patterns are distinguishable from one another in a number of
different ways. Cluster A is arguably the most distinct, characterized
by overall low occurrences of all aspects of inquiry-based teaching as
compared to the other profiles. However, within Cluster A, students
consistently report relatively more frequent occurrences of conceptual
learning activities such as teachers explaining ideas (Q06), and teachers
explaining the relevance of the respective ideas (Q09) as well as more
frequent occurrence of students explaining their ideas (Q01). Never or
hardly ever do they report engaging in other social, procedural, or epis-
temic learning activities. Comprised of students from Bulgaria, Korea,
and Romania, it includes countries that, overall, have mean science
achievement levels above and below the OECD average. In contrast to
Cluster A, Cluster D is characterized by high frequencies of almost ev-
ery aspect of inquiry-based instruction, though mean scores are com-
paratively lower for students testing their ideas (Q10) and classroom
debate about investigations (Q08). While sharing an emphasis on ex-
planation, inquiry-based instruction in the countries in Cluster D also
focus on students argue about science questions (Q03), the epistemic
activity of students drawing conclusions from experiments (Q05) and
spend time in the laboratory doing practical experiments (Q2). This
smallest cluster, Cluster D, is comprised of Denmark and France, which
fall above and at the OECD average, respectively. Clusters B and C are
less distinct from one another. Both clusters are characterized by mod-
erate (to high) levels of conceptual and social activities, both by stu-
dents and the teacher. Scores for conceptual and social explanation-
focused IBTEACH items (Q01, 06, 09) in Cluster C are nearly as high
as observed in Cluster B. The most notable difference between Clus-
ters B and C, however, is that students in Cluster B report little to no
classroom debate about investigations (Q08) and somewhat lower lev-
els of students testing their ideas (Q10). Both Clusters B and C may be
interpreted to represent guided inquiry, with moderate levels of stu-
dent involvement and teacher guidance but subtle differences in the
role students testing their ideas through investigations and the discus-
sion of those investigations play. Cluster C includes the highest num-
ber of countries of any of the clusters and both Clusters B and C each
include countries that fall above, at, and below the OECD mean for sci-
ence achievement.
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In summary, results of analyses in response to RQ#2 show observed
differences in patterns of inquiry-based instruction associated with the
highest levels of student science achievement. While the relative de-em-
phasis on students design their own investigations (Q07) was consistent
across all countries, observed clusters of countries exhibited similarities
and differences from one another based upon the IBTEACH items. Four
distinct clusters were identified, each of which largely differed from the
others based upon the (a) overall frequency of reported inquiry prac-
tices and (b) comparative frequencies of IBTEACH items within the clus-
ter. Individual clusters were comprised of countries in which overall sci-
ence achievement scores were above, at, and below the OECD average,
suggesting these observed patterns of inquiry-based instruction are not
necessarily associated with overall science achievement levels in a par-
ticular country. Overall, these findings illustrate shared characteristics
and unique patterns of inquiry-based instruction as reported by stu-
dents in profiles associated with the highest levels of science achieve-
ment in these countries. They suggest that inquiry-based instruction as-
sociated with the strongest evidence of students’ science learning may
vary by country.

Correlational patterns with instructional variables across
countries

In research question #3, we asked, ‘How are inquiry-based teaching pat-
terns reported by students in the profile associated with the highest
levels of science achievement related to other aspects of instruction?’
To address research question #3, we examined relationships between
IBTEACH index values for clusters of countries identified in RQ#2 and
other PISA instructional variables, including teacher-directed instruc-
tion (TDTEACH), perceived feedback (PERFEED), and teachers’ instruc-
tional adjustments (ADINST). To report results of this analyses, we pres-
ent mean values for these indices for each country cluster identified in
response to RQ#2 as deviations from the mean values for of TDTEACH
(M= 2.55, SD = 0.29), PERFEED (M= 2.10, SD = 0.28), and ADINST (M =
2.49, SD = .29) across all 13 countries for students in the profile asso-
ciated with the highest levels of science achievement. Results of these
analyses are presented in Figure 5.
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Figure 5. Cluster-specific deviations from group mean values for teacher-directed
teaching (TDTEACH), perceived feedback to students (PERFEED), and adjusting
instruction in response to students’ thinking (ADINST) scales.

Overall, observed mean values for TDTEACH, IBTEACH, and ADINST
associated with these four clusters of countries follow a consistent pat-
tern. Reported frequencies of these three other instructional practices
generally mirror those reported by these same students for IBTEACH in
terms of frequency. Clusters C and D exhibit reported higher frequen-
cies for TDTEACH, PERFEED, and ADINST than the overall sample mean,
while those in Cluster A and B report frequencies for these forms of in-
struction that are at or below the sample mean. Reported frequencies of
TDTEACH and ADINST are highest for Cluster D, which is aligned with
its overall high reported frequencies of inquiry-based teaching also re-
ported by students in Cluster D. Cluster A, in which students generally
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reported the least frequent exposure to inquiry-based instruction, also
exhibits the lowest relative levels of TDTEACH, PERFEED, and IDINST.
Clusters B and C are similarly aligned with relatively moderate frequen-
cies of teacher-directed teaching, perceived feedback, and adaptive in-
struction consistent with frequencies of IBTEACH reported by these
same students. However, in Cluster C, students report the highest level
of perceived feedback (PERFEED). Also, students in countries repre-
sented by Clusters A, B, and C also report lower or similar frequencies
of teacher-directed instruction (TDTEACH) as compared to both per-
ceived feedback and adjusting instruction.

However, one cluster — Cluster D - represents a partial departure
from this overall trend. Students in countries represented by Cluster D
(Denmark and France) report higher levels of teacher-directed instruc-
tion than PERFEED or ADINST. Also, while comparatively high observed
levels of TDTEACH and ADINST are directly aligned with frequencies of
IBTEACH reported by students in these four clusters, reported frequen-
cies of perceived feedback for students in Cluster D are lower than re-
ported by students in Cluster C and fall below the overall mean value for
PERFEED amongst students in the highest performing profiles across
all 13 countries. Unlike the other three clusters, students in Denmark
and France report far less perceived feedback than teacher-directed in-
struction as compared to the overall sample mean. Despite exhibiting
the most frequent occurrence of teacher-directed teaching and adap-
tive instruction, students in Cluster D report some of least frequent ex-
posure to perceived feedback from their teachers.

In summary, results of analyses in response to RQ#3 suggest that
overall reported levels of instructional practices for science gener-
ally mirrored those students reported for inquiry-based teaching. The
more frequent inquiry-based instruction students reported experienc-
ing, the more frequent they also reported their science teachers engag-
ing in teacher-directed instruction, perceived feedback, and adaptive in-
struction. High-performing students in Denmark and France, however,
reported (a) comparatively higher levels of teacher-directed teaching
than students in the other countries and (b) less frequent experience
with perceived feedback than would have been expected given overall
trends in reported science instruction across all four clusters of students
from profiles associated with the highest levels of science achievement.
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Discussion

Findings from this study illustrate observed trends in inquiry-based
teaching as reported by groups of students associated with the high-
est and lowest relative levels of science achievement across countries
in which the index for inquiry-based teaching (IBTEACH) does not op-
erate as a single scale as measured in PISA 2015. First, there is an on-
going need to better understand science instruction as perceived by
students exhibiting varying levels of science achievement. Study find-
ings show that inquiry-based instruction reported by these groups
of secondary students differs substantially. In response to RQ#1, we
found that the pattern associated with highest levels of student science
achievement, as opposed to the pattern associated with lowest levels
of student science achievement, (a) is characterized by less frequent
experiences with inquiry-based instruction and (b) exhibits more in-
ternal variation in specific inquiry practices. These findings generally
reinforce findings from previous PISA studies (Areepattamannil, 2012;
Areepattamannil et al., 2011; Cairns & Areepattamannil, 2017; Gee &
Wong, 2012; Jiang & McComas, 2015; Kang & Keinonen, 2017), includ-
ing recent studies focused on PISA 2015 (Aditomo & Klieme, 2020;
Hwang et al,, 2018; Lau & Lam, 2017; Tang et al., 2019) and meta-anal-
yses of previous inquiry-based interventions (e.g. Furtak et al., 2012;
Minner et al,, 2010; Schroeder et al., 2007), which have shown that
high levels of inquiry-based teaching are relatively uncommon and as-
sociated with lower student science achievement while higher levels
of student science achievement are associated with relatively more
teacher-directed forms of inquiry. They have also provided evidence
for relative frequencies of specific inquiry-based instructional prac-
tices, showing that highly student-driven dimensions of inquiry, par-
ticularly procedural activities associated with investigation, are least
frequently associated with high levels of student science achievement
while the most frequently reported were explanation-focused concep-
tual and epistemic inquiry practices focused on sense-making. Results
presented here extend prior research by providing evidence that this
trend is consistent across countries, independent of overall observed
mean levels of science achievement at the country level, even when the
precise nature of inquiry-based instruction (IBTEACH) varies between
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countries. These empirical results lend strength to the argument for
the importance of teacher guidance in science learning environments
and provide insight into which of these instructional practices may be
most beneficial for students’ science learning.

Second, given the observed association between teacher guidance
and highest levels of student science achievement, it is also impor-
tant to understand how guided inquiry can vary for groups of high-
achieving students. Study findings show that while overall patterns
of inquiry-based teaching illustrate consistencies discussed previ-
ously, at the country level, inquiry-based instruction can also differ, as
evidenced by the four clusters identified through LPA in response to
RQ#2. In these four clusters, inquiry-based instruction varies in terms
of (a) reported frequencies of specific inquiry practices and (b) dis-
tinct configurations in which specific inquiry practices are more or less
prominent, largely independent of other factors, such as country-level
mean science achievement. For example, France and Denmark (Clus-
ter D), with average and above-average mean science achievement,
not only exhibit the highest overall levels of reported inquiry-based
teaching, but disproportionately so for specific social and epistemic
inquiry practices of arguing about questions and drawing conclusions
from evidence. In contrast, Korea, Bulgaria, and Hungary (Cluster A),
with above and below average mean levels of science achievement, il-
lustrate the lowest levels of reported inquiry practices and, specifi-
cally for the items referenced for Cluster D, by a factor of two. Though
PISA’s IBTEACH index is intended to provide a single, concrete mea-
sure of inquiry-based instruction (OECD, 2017b), results presented
here show that it does not always exhibit uni-dimensional behavior
for subsets of data. This finding has also been observed in other re-
cent studies from PISA 2015 focused on highest and lowest-perform-
ing countries (Aditomo & Klieme, 2020; Lau & Lam, 2017). However,
study findings contribute to this work by showing that this variation
is not simply a function of overall science achievement levels. Rather,
we may hypothesize that these observed variations in inquiry-based
teaching for highest-performing groups of students may be the result
of an array of factors, such as country-level science curricula, cultural
norms of teaching and learning, or the disciplinary course contexts of
PISA participants. Further research could explore differences between
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these clusters utilizing other PISA variables, such as courses of student
respondents and items from the teacher questionnaire. While it is not
possible to provide causal explanation for why these variations in in-
quiry-based teaching exist using PISA data, they do suggest that the
nature of what may be tentatively identified as effective inquiry-based
instruction can vary by context and region.

Finally, third, better understanding secondary science teachers’
domain-general instructional practices may help provide insight into
these patterns of inquiry-based instruction and more precisely ac-
count for the type of guidance teachers provide. Results show that the
inquiry-based instruction students report experiencing exhibit rela-
tionships to other forms of science instruction, such as teacher direc-
tion, feedback, and adaptive instruction, that are both consistent and
unique. As shown in response to research question #3, the more fre-
quent experiences with inquiry-based science instruction students re-
port, the higher the frequencies of teacher-directed instruction, per-
ceived feedback, and adaptive instruction they also report. However,
countries in one cluster (D; Denmark and France), illustrate patterns
of instruction that defy this trend, with lower than expected frequen-
cies of perceived feedback. Few previous PISA studies have investigated
interrelationships between these instructional indices from the PISA
student questionnaire in regard to science. However, those that have
suggest that teacher-directed and adaptive instruction are generally as-
sociated with higher levels of student science achievement, while per-
ceived feedback is negatively associated with students’ science achieve-
ment (Costa & Aradjo, 2018; Lau & Lam, 2017). Results presented here
generally reinforce these findings for teacher-directed and adaptive in-
struction, but do not necessarily indicate the same negative correlation
with perceived feedback. Our findings indicate that for the highest-per-
forming group of students across these 13 countries, perceived feed-
back may be as effective as other instructional practices when used in
parallel with inquiry-based instruction. Furthermore, the observable
and significant variation observed in perceived feedback for Denmark
and France suggests that this instructional practice, while generally
productive for the highest-achieving groups of students, may also be
highly variant across all groups of students in all countries.
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Limitations and conclusion

We recognize specific limitations of the study. While PISA affords a very
large and representative dataset of science education worldwide, it is
nonetheless limited in other ways. First, the data for instructional prac-
tices (IBTEACH, TDTEACH, PERFEED, and ADINST) is entirely self-re-
ported by students. The quality of this data can be influenced by many
factors, including students’ interpretation of the individual items and
their individual motivation to complete the assessment accurately. Sec-
ond, it is not possible to establish causal relationships between variables
of interest. In this study, we are unable to claim that observed patterns
of inquiry-based instruction directly impact or result in observed levels
of students’ science achievement. Rather, PISA data is descriptive, afford-
ing the opportunity to characterize the nature of associations between
variables, but not direct relationships. Furthermore, results of this study
do not afford insight into other factors that may be associated with ei-
ther student science achievement or instruction. Previous studies have
explored other student-level variables, suggesting students’ motivation,
interest in science, and socio-economic profile are also important fac-
tors in science instruction they report and their scientific literacy. Future
work should investigate the characteristics of students in the profiles as-
sociated with highest and lowest levels of student science achievement,
whether they are also similar across countries, the degree to which they
mediate observed relationships between reported science instruction
and student science achievement presented in this study. Additionally,
differences between numbers of students, mean science achievement
scores, and standard deviations of the highest- and lowest-performing
student subgroups at the country level suggest that the groups of stu-
dents reporting these teaching practices are not identical, though they
are comparable. More research is, therefore, needed to understand how
and why science teaching practices, particularly forms associated with
the highest levels of student science achievement, may vary in particu-
lar countries, regions, and/or contexts.

Despite these limitations, study results build upon previous, PISA-
based science education research (Areepattamannil, 2012; Areepatta-
mannil et al., 2011; Cairns & Areepattamannil, 2017; Gee & Wong, 2012;
Jiang & McComas, 2015; Kang & Keinonen, 2017; Kobarg et al., 2011;
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McConney et al.,, 2014), including recent studies focused on PISA 2015
(Aditomo & Klieme, 2020; Hwang et al., 2018; Lau & Lam, 2017; Tang
etal, 2019), and yield important findings that contributes to the field’s
broader understanding of the nature of secondary science instruction
and its relationship to students’ scientific literacy. Though reported asso-
ciations are correlative, they show that the science instruction character-
ized by the highest performing groups of students in individual countries
exhibit marked similarities, even when overall mean levels of science
achievement for these countries are above, at, and below the OECD aver-
age. In essence, effective science instruction - science instruction associ-
ated with the highest levels of students’ science achievement - exhibits
both shared characteristics across contexts and comparative variation
that allows for localized implementation. The use of LPA and cluster
analysis to examine similar groups of students across countries that re-
flect a range of science achievement but each share variation within the
IBTEACH scale is a novel approach.

Scientific literacy has been, and will continue to be, a foundational
goal of international science education efforts (e.g. Neumann, et al.,
2010; NRC, 2000, 1996; Waddington et al., 2007). However, the more
challenging question is how to optimally foster this outcome in formal
classroom settings through science instruction. PISA data, with its large
and representative international sample, provides one important tool
to address this question. Study findings specifically add evidence to the
growing body of literature that has illustrated the benefits of guided
inquiry over both traditional, direct instruction and entirely student-
directed inquiry learning (e.g. Furtak et al., 2012; Minner et al., 2010;
Schroeder et al,, 2007) and contribute to theoretical perspectives on the
nature of science instruction (Kirschner et al., 2006; Settlage, 2007).
These empirical insights highlighting the kinds of inquiry practices as-
sociated with highest levels of student science achievement can provide
important guidance for science teachers, science curriculum developers,
teacher educators, and professional developers working to help shape
secondary science learning environments. They also reinforce the im-
portance of context specific science teaching and learning, where sec-
ondary science learning environments can be cultivated to exhibit these
general characteristics of inquiry-based teaching but also to afford flexi-
bility for local norms, whether cultural, curricular, and/or procedural in
nature, to shape effective science instruction. Ultimately, in these ways,
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the translation of science education research into practice is an impor-
tant role that PISA data can serve in pursuit of international science ed-
ucation efforts and the global scientific literacy.
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