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Special Issue: Research on Textbooks in Science and Mathematics
Education

The COVID 19 pandemic suddenly turned education upside down, opening up several major questions.
One of the pillars they have in common is the need of solid ground, a beacon which would navigate
learning on the suddenly stormy educational waters. Soon after the schools were closed (for the first
time), teachers started to look for materials in various social media outlets. It almost seemed that, at
that instant, the intended materials for face-to-face teaching were not sufficient enough. Several highly-
adaptable teachers gained popularity with their educational videos, many shared their slides and looked
for others. Almost as if they were not equipped with the most-spread educational tool — textbooks.

This could be due to teachers’ effort to diversify home learning for their students. However, this could
also be an indicator of teachers’ attitude towards textbooks as far as students’ activation is concerned.
There is a significant body of research showing textbooks are still a very influential agent in education:
they represent a translation of the curriculum for many teachers (Chiappetta & Fillman, 2007), are the
main source of information (cf. Mullis et al., 2012) or analogies (Harrison, 2001) for teachers and even a
subscription of lesson content including methods (Lepik et al., 2015; Mullis et al., 2012). Yet, information
about the use of textbooks for student activation show a rather reserved trend. Son and Kim (2015)
reported teachers providing their students with tasks of a lower cognitive difficulty and even splitting
more demanding tasks for their students, thus depriving them of the possibility to develop certain skills
or thinking patterns. Vojif and Rusek (2021) found teachers building their lessons based on simplified
texts and graphics rather than sets of tasks.

The teachers’ behaviour, however, might suggest textbooks serve as good material for in-school lectures
but do not serve as good materials for distance teaching. This brings more serious questions: Are textbooks
suitable for contemporary students’ independent learning? Is the text adequate (comprehensible, readable,
structured)? Are the visual components self-explanatory enough? Or do students need a guide (teacher)
to help them study from the book?

The uncalled-for opportunity to re-evaluate settled teaching practices and educational tools also high-
lighted the role of textbooks. For this reason, Scientia in educatione opened a call for a special issue to
bring forward research on the role of textbooks in science and mathematics.

Papers included in the special issue target chemistry, biology and mathematics textbooks. Three pa-
pers submitted a textbook segment to a thorough evaluation. Zupanc and Devetak looked into electrolyte
chemistry pictorial materials used in Slovenian lower-secondary chemistry textbooks. Representations are
one of the most important topics within chemistry education research due to their potential to mediate
abstract phenomena to students in a more comprehensive way (Johnstone, 1991; Taber, 2013; Talanquer,
2011). With only a limited segment to be seen by the naked eye in electrolyte chemistry (not only there),
macroscopic representations need to be accompanied by micro and symbolic representations. Naturally,
modern technologies also offer comprehensive hybrid representation constructions. The presented study,
however, showed sub-microscopic and hybrid representations to be the least common in the analysed
textbooks. This is in accordance with research by Subova (2020) from the Czech environment, which
points to a possible global trend in chemistry subject-matter representation.

Another type of representation, this time in biology — diagrams — was analysed in Machova’s study.
As shown in other research (e.g. Dees et al., 2014; Halverson et al., 2011), many students (even university
students) hold misconceptions as far as phylogenetic trees are concerned. Learning materials’ analysis
is therefore a logical step towards improvement. Czech biology textbooks for secondary schools were
submitted to an analysis of phylogenetic trees’ characteristics. Evolutionary diagrams were evaluated
according to the cladistics. The results showed almost a half of the analysed diagrams do not support
the current scientific understanding of evolution, putting stress on ladder thinking and, in the majority
of cases, lacked scaffolding which would lead students to reading the diagrams successfully. As shown
by Jian (2021), when provided appropriate instruction, students focus more on the text in diagrams,
and therefore learn. Similar to Zupanc and Devetak’s paper, Machova concluded her paper with several
suggestions for new textbooks or contemporary textbook improvements.

Zenkl!’s study, on the other hand, focused on the above-mentioned textbooks’ role in supporting tea-
chers. His paper focused on presenting combinatorial concepts and its compliance with a concept develo-
pment theory in secondary school mathematics textbooks. It was built on the theory of generic models
(Hejny, 2012) aimed at selected combinatorial concepts and procedures’ presentation in mathematics
textbooks. The paper’s secondary goal, in accordance with Zupanc and Devetak, was to look into vi-
sual representations, which proved essential also in combinatorial problem solving (Lockwood & Gibson,
2016). The research showed combinatorial problems are insufficiently motivated in the analysed text-
books. Graphical representations are rare and lack diversity. Moreover, learners are not encouraged to
create their own graphical representations. One textbook was identified to stand out. It contains prompts
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for creating personalised representations, works purposefully with isomorphic problems and encourages
the reader to generalise specific procedures. In accordance with the aforementioned papers’ implications,
this textbook could serve as a model for other textbooks, at least in this respect.

A study standing on the borderline of teacher- and student-focused analysis was conducted by Vojif
and Rusek, who focused on the role of teacher’s books and workbooks. Compared to the other papers
included in the special issue, this research used a questionnaire survey. Whereas 63% of respondents
considered workbooks important for education, 4% reported frequent use of a teacher’s book with only
24% mentioning their occasional use. The results showed workbooks are, according to expectations, mostly
being used at the end of lessons and as a source of homework. However, interestingly, a considerable share
of teachers mentioned the use of workbooks for lesson preparation, which supported Erol’s (2017) finding
about workbooks being considered a type of textbook due to their mostly informative content. The
absence of a teacher’s book, probably as a result of publishers’ market surveys, together with teachers’
considerable reluctance to use a teacher’s book even when available, revealed their approach to teaching
preparation. It seems teachers search for educational content or even methods in a textbook (Lepik et al.,
2015; Sikorové, 2005) without being interested in the explanation of goals and methods’ explanation and
the rationale of further topics’ conception. The authors confirmed teachers’ traditional approach towards
lesson preparation built mostly on subject-matter transfer with only a limited focus on student activity.

The last paper included in the special issue also focused on chemistry textbooks, however, stands out
with its focus which is transferable to other fields within STEM but also others. Téthova and Rusek
performed a literature review focused on the use of eye-tracking methodology on chemistry textbooks’
evaluation. This technology has found various use not only in science education research (Lai et al., 2013)
and provides closer insight into students’ reading patterns, problems with text-graphics combination, sui-
tability of a platform (e-books vs. traditional textbooks) and the effect of textbook component placement
on the distribution of students’ visual attention. It is reasonable to expect more research with such me-
thodology to instruct textbook creation in the future. For the time being, several key findings can help
teachers to use textbooks efficiently, teacher trainers to direst pre-service teachers towards more effective
textbook use and textbook authors to structure the chapters of new textbooks in a more suitable manner.

The papers included in this special issue thus showed several different angles disclosing certain text-
book sets’ aspects which need a special attention. Although focused only on narrow aspects (e.g. phylo-
genetic trees, visual representations in electrolyte chemistry or presenting combinatorial concepts), the
research has the potential to guide similar research within the fields covering other topics or aspects.
The special issue also contains a look at the other textbook-set components focusing on the use of wor-
kbooks and teacher’s books providing information useful for publishers but also for chemistry educators
or researchers in the field as it provides indirect information about the conception of chemistry teaching.
Last but not least, the use of hi-tech equipment which is also becoming popular in education research —
eye-tracking — is a pioneering attempt to promote this method among actors within textbook research or
production.

This special issue’s mission is to enhance further research on textbooks in order to provide a medium
which teachers could rely on and which would reflect modern evidence-based trends in education. I hope
that readers feel their time is well spent, that researchers and textbook authors can find a lot of inspiration
and that the papers’ authors receive a lot of positive feedback, including prestigious citations.

Martin Rusek
Special issue’s editor
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The Analysis of Electrolyte Chemistry Pictorial Material in Lower
Secondary School Chemistry Textbooks in Slovenia Based on

Developed Quality Criteria

Analyza obrazovych materialii z tématu chemie elektrolyti ve slovinskych
ucebnicich chemie pro zakladni Skoly s vyuzitim vytvorenych kritérii kvality

Nina Zupanc'*, Iztok Devetak!

I Faculty of Education, University of Ljubljana, Kardeljeva ploséad 16, 1000 Ljubljana, Slovenia; nina.zupanc@pef.uni-lj.si

The textbook as a learning tool and learning resource contributes significantly to the
effectiveness of the teaching or learning process itself, while at the same time promotes
and facilitates independent learning. The main purpose of this research was to develop
quality criteria after which textbooks for Chemistry in lower secondary school were
evaluated. This paper presents the analysis of electrolyte chemistry pictorial material
presented in chemistry textbooks. When it comes to validating textbooks in Slovenia,
there are no unified criteria. The development of the criteria included an overview
of the objectives set in the chemistry curriculum. Criteria were made for textbooks
used in 8th and 9th grade of lower secondary school (students age 13-15 years).
Chemistry textbooks were validated in the school year 2018/2019. When analysing
criteria related to textbook representations, the sub-microscopic representations and
hybrid representations are the least common features in the textbooks.

Ucebnice jako ucebni néastroj a prostfedek vyznamné prispiva k efektivité samot-
ného vyucovaciho procesu a zarovenn podporuje a usnadniuje nezavislé uceni. Hlavnim
ucelem tohoto vyzkumu bylo vytvotit kritéria kvality, na zakladé kterych byly hodno-
ceny ucebnice chemie pro zakladni skoly. Tento ¢lanek obsahuje analyzu obrazového
materidlu pouzitého v tématu chemie elektrolyti v ucebnicich chemie. Pokud jde
o ovéfovani ucebnic ve Slovinsku, neexistuji jednotna kritéria. Vypracovani kritérii
zahrnovalo pfehled cilid stanovenych v kurikulu pro obor chemie. Kritéria byla
vytvofena pro udebnice pouzivané v 8. a 9. ro¢niku zakladni skoly (zaci ve véku
13-15 let). Ucebnice chemie byly analyzovany ve $kolnim roce 2018/2019. Pfi ovéfeni
kritérii tykajicich se ucebnicovych reprezentaci jsou submikroskopické a hybridni
reprezentace nejméné béznymi v analyzovanych ucebnicich.
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1 Introduction

Learning in the digital age is characterised by a richness of information from different sources, provided
to learners by various means, usually supported by Information and Communication Technology (ICT),
such as the internet, etc. However, textbooks play a central role in supporting effective teaching and
learning of science, as their intention at certain levels of education means that they should be correlated
with the national curriculum for a given subject. The textbook is related to the subject or module and to
a specific education level. The textbook as a learning tool and learning resource contributes significantly
to the effectiveness of the teaching or learning process itself, while at the same time promotes and
facilitates independent learning. In the textbook, scientific content is appropriately structured, revised
and simplified because the users (students) do not have sufficient prior knowledge of the content to be able
to understand it in its unprocessed form (Kova¢, 2005). Marenti¢ Pozarnik (2016) points out that it is
important that learning from the textbook is adapted to the student. She suggests that textbooks authors
should consider: (1) taking into account the students’ cognitive ability, understanding and experience,
(2) using a language appropriate to the student’s level of cognitive ability, (3) structure the subject and
increase the transparency of the text (titles, subheadings, footnotes), (4) promote reading comprehension
and higher cognitive activities in various ways, (5) pay attention to illustrations in the text (diagrams,
sketches, pictures). The research TIMSS 2007 showed that 53% of Slovenian students in the 8th grade had
teachers that use a textbook as a primary source of teaching, which is the same as average international
results show (Svetlik et al., 2007). A textbook as an additional source of teaching is used among 47% of
teachers; this is slightly above the world average according to the research. 34% of teachers in Germany
reported that they use the textbook to broaden their own knowledge (Bolsterli et al., 2014). Mohammed
and Kumari (2007) analysed teachers experience with the use of science textbooks and found out that
teachers had difficulties recognizing mistakes in the textbooks.
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2 Theoretical background

One of the most cognitive challenging topics for students in lower secondary school chemistry is electrolyte
chemistry. Research show (Devetak et al., 2009a, 2009b; Devetak et al., 2004; Mulford & Robinson, 2002;
Segedin, 2000) that many misconceptions can be developed if this topic is not presented adequately in the
chemistry classroom. Students develop different misconceptions such as not knowing the particles in basic
aqueous solutions (Devetak et al 2009a). Devetak et al. (2004) reported that secondary school students
do not understand the particulate nature of the solutions and are not able to present graphically the
arrangement of particles of the solvent in the solution. They either draw the particles so that they were
not randomly arranged or they draw a solution in which the arrangement of the particles represented the
solvent as a precipitate, at the bottom of the beaker. The results of the research (Devetak, et al., 2009b)
show that the most frequent misconceptions (73.7% of all sub-microrepresentations) regarding solutions
of ionic substance was the wrong particle (molecule) drawn in the solution instead of separate ions.
The results also indicate that students show many different inconsistencies regarding the explanations of
the drawn particles with their names in the legend. Mulford and Robinson (2002) researched students
understanding of chemical reactions and they stated that the correct sub-microrepresentation of the
reaction mixture after the reaction, based on the given reaction equation and reactant legend, was chosen
correctly by only 11% of the students in the pre-test and 20% in the end-of-semester test. However, more
than 60% of the test takers in both tests chose answers that gave an incorrect sub-micropresentation
of the final state according to the law of conservation of mass. A similar research was conducted by
Segedin (2000) who found that only 9% of students correctly converted the chemical reaction equation
into a sub-microrepresentation of the mixture of product and excess reactant after the reaction between
hydrogen and oxygen. However, a sub-microrepresentation with a legend for the reactant mixture before
the reaction was given. He also noted that as many as 16% of the students did not draw oxygen molecule
that were not used in the chemical reaction. Even 58% of the participants did not adhere to the law of
conservation of mass in any way.

In the textbooks we find various visual representations, i.e. photos, diagrams, tables, drawings and
graphs. According to some authors, representations should not be to complex and should be adapted to
student’s cognitive level (Cook, 2008). The work of Levias Pozzer and Roth (2003) indicates that textbook
authors attend to the appropriate integration of the different representational means so that they assist
students’ in making sense of the content. Furthermore, the use of single photographs often does not allow
a reader to disclose what really matters , a series of contrasting photographs, on the other hand makes
salient variation that are more likely to lead students’ to identify the crucial and learning aspects. Levias
Pozzer and Roth (2003) suggest that every photograph should have an appropriate caption associated
with it through an indexical reference in the main text. The caption should add enough information to
guide the reader through perceptual analysis and therefore interpretation of the photograph, identifying
relevant details and associating the figure with the main text. For the indexical reference, the authors
suggest that the illustration (photo and caption) should be explicitly linked to the main text by an
indexical reference, preferably immediately after the first mention of the object or phenomenon in the
main text. Centering or focusing the relevant object or phenomenon in the photo highlights what is
important. In some situations, arrows and other signs placed directly over the photo can help highlight
important details in the photos. However, when there is information to be obtained from the dialectically
related caption and photo, students miss out on an important resource for understanding the topic they
are studying.

The study of Lee (2010) reports that up to 50% of textbook space is devoted to illustrations in addition
to a lack of coherence between the illustration and the associated content. Other studies show a worrying
trend towards the increased use of photographs and other “decorative” graphics rather than explanatory
illustrations to make texts more familiar and less challenging (Lee, 2010; Slough, 2010).

Mayer (2014) points out that representations draw the student’s attention to certain specific elements
that enable him/her to make mental connections between the elements and thus promote meaningful
learning that forms the basis for problem solving. His theory of multimedia teaching states that a person
who accepts information from two sources (e.g. image and word) remembers more than if he/she receives
information from a single source, and that is why textbooks should include both. In textbooks we can
find different types of representations. Realistic representation represent reality according to the optical
perception of people, drawings or photographs can be counted among the realistic images. Conventional
representations may include diagrams, sketches, charts, maps, models of molecules. Hybrid representations
combine a realistic and conventional way of representation (Devetak et al., 2010).

In chemistry, concepts can be presented on three levels, the macroscopic, the sub-microscopic and the
symbolic level, which could be imagined as the corners of a triangle in which no form of presentation
is superior to the others, but rather complements one another (Johnstone, 1991). All three levels must
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Fig. 1: Example of a hybrid image in a textbook represents acetic acid on a sub-microlevel and vinegar on
a macroscopic level (Cvirn Paviln et al., 2016)

overlap meaningfully in the learning process in order to create a suitable mental model of the concept
(Devetak & Glazar, 2007). The effective overlapping of all three levels also allows students not to create
misconceptions. Macroscopic imaging is about the actual state of a phenomenon (Johnstone, 1991). This
means that the phenomenon is concrete for the student and can be described adequately (Devetak, 2007).
Observations that are recognized by students at the macroscopic level are explained by theories based
on atomic, molecular or ion level (Johnstone, 1991). Like the macroscopic level, the sub-microscopic
level represents the actual state of a particular phenomenon and is the key to understanding chemical
concepts before they are symbolically illustrated (Johnsotne, 2000). Sub-micro representations (SMRs)
can be used to represent chemical concepts at the particle level, which can be represented as static
or dynamic representations (Devetak & Glazar, 2010). The application of the macro, sub-micro, and
symbolic levels of chemical concept representations (chemistry triplet) at all levels of education is an
essential part of teaching and learning chemistry, textbooks should include all three levels. Researchers
have subjected the ideas of the chemistry triplet (presented by Johnstone) to different adaptations and
reinterpretations (Taber, 2013, p. 158).

It is often assumed that students understand the SMRs and learn efficiently with them because
textbook authors (usually chemists) can use them simultaneously as part of a triple representation of
chemical-chemical concepts. However, the presence of SMRs in a textbook does not guarantee efficient
learning. According to Stieff et al. (2016) representational competence encompasses certain set of skills for
constructing, selecting, interpreting and using disciplinary representations for communication, learning
or problem solving. Research findings (Stull et al., 2012) indicate that the learning success of students
with SMRs is significantly influenced by representational competence in chemistry. Kozma and Russell
(2005) explained their role in the learning of chemistry, since in order to acquire professional competence
in this field, students need to master a certain set of skills, e.g. the ability to analyse characteristics
of a representation, to transform one representation into another. In accordance with Davidowitz and
Chittleborough (2009) the use of chemical representations at the sub-micro and symbolic levels is as
important as those on macroscopic level, the symbolic level helps students to understand the relation
between the macro and sub-micro level of different chemistry phenomena.

Gabel (1999) found that while teaches are able to translate between different representational levels,
they do not make an effort to integrate these levels in chemistry class.

Gkitzia et al. (2011) developed a rubric form that was applied for analysis of Greek grade 10 textbooks.
They found that 23.6% of the representations are at the macroscopic level, 19.1% of representation are at
the sub-microscopic level and 23.6% of the representations are at the symbolic level. The most common
type of representation is a combination of macroscopic and symbolic representation. With to relatedness
to text, more than half of the images were completely related to the corresponding chemical phenomena,
but on the other hand, findings on the existence and properties of captions showed that about half of the
visual representations were either problematic or had no caption.

Nyachwaya and Wood (2014) used the rubric form developed by Gkitzia et al. (2011) to investigate
the nature and types of representations used in physical chemistry textbooks in the US. The results show
that 85% of the representations were symbolic representations.

Kapici and Acikalin-Savasci (2015) analysed visual representations about the particulate nature of
matter across grades 6-8 science textbooks used in Turkey. They found that macroscopic representations
were the most common, followed by sub-microscopic, then symbolic. The fewest representations used were
hybrid. Their results indicate that 4 out of 10 images were completely related and linked. A significant
finding was that more than half (63%) of the images had no captions. Shehab and BouJaoude (2017)
performed an analysis of representations in of Lebanese textbooks grade 10 and grade 11. They found
out that in grade 10 textbooks, 53% of textbook representations were on a macroscopic level, followed
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by the sub-microscopic level (23%), for grade 11 textbooks the rate was 67% of representations were on
macroscopic level and 18% of representations were on sub-microscopic level. Only 2% of representations
in both textbook grades were classified as Hybrid. Most of the representations were completely related
to the text, but were not accompanied by proper captions (Shehab & BouJaoude, 2017). Demirdégen
(2017) examined chemical representations presented in four Turkish high school chemistry textbooks. His
findings revealed that representation most frequently used were at macroscopic level. The representations
were completely related to the text. Marin¢ (2010) did a similar analysis on Slovenian chemistry school
textbooks that were validated in the school year 2009/2010. She analysed the visual material in chemistry
textbooks in the 8th and 9th grade of primary school in Slovenia and it she found out that the majority
of representations in textbooks are on a symbolic level, followed by the macroscopic level representations.
Text also plays a major role in chemistry textbooks, since comprehending new information depends on
both student and textual characteristics (Rusek & Vojif, 2019). Research has shown that inaccurate
or incomprehensible texts can cause students’ misconceptions (Bergqvist & Chang Rundgren, 2017);
Pedrosa & Dias, 2000; Sanger & Greenbowe, 1993). Rusek and Voji¥, (2019) conducted an analysis
of text difficulty in lower secondary Czech chemistry textbooks. Their research is focused on semantic
difficulty by comparing particular textbooks in one textbook series and the difficulty of selected topics
within the textbooks. The method used in their research is called Nestler-Priicha-Pluskal and it is based
on variety of term categories (Rusek & Vojif, 2019). They found that in the analysed Czech chemistry
textbooks (for grade 8 and 9) no systematic approach towards scientific literacy and reading literacy
was found, the text difficulty was not constant. Rusek and Vojif (2019) also discovered that there were
textbook series where the 8th grade textbook was more difficult, semantically and syntactically, than
the 9th grade textbooks (Rusek & Vojif, 2019, p. 7). The discovered inequality suggests that that text
difficulty should also be considered as a criterion in textbook analysis.

3 Aim of the research

The main purpose of the research was to develop quality criteria after which we evaluated textbooks for
Chemistry in primary school. This paper focus on the criteria developed for analysing pictorial elements
in chemistry textbooks. When it comes to validating textbooks in Slovenia, there are no unified criteria;
therefore, we can spot inconsistencies in validated textbooks, not to mention that validation might be
under pressure from the publisher. The development of the criteria included an overview of the objectives
set in the chemistry curriculum. The criteria for evaluating textbooks are useful in chemistry education
because they determine: whether the textbook is appropriate for the students at the specific cognitive
level, whether it motivates students to learn chemistry, whether the textbook contains contemporary
findings in the field of chemistry and the natural sciences, and whether it follows research driven modern
trends in chemistry education (Stern & Roseman, 2003). Due to the developed criteria, the electrolyte
chemistry pictorial material in selected textbooks was analysed and some suggestions which textbooks
fits best to the specific level of chemistry education were made.
Research Questions:

1. What general characteristic of pictorial representations are included in the analysed textbooks?

2. What type specific pictorial representations are included and how frequently the triple nature of
chemical concepts is included in analysed textbooks.

4 Methodology

The research is based on a quantitative research approach. A descriptive, non-experimental method of
educational research was used (Sagadin, 1993). The criteria were developed based on literature studies
of comparable criteria for the validation of textbooks used in other countries and adapted for Slovenian
chemistry textbooks. The criteria were used for the analysis and comparation of chemistry textbooks in
the 8th and 9th grade in Slovenian primary schools, which were valid in the school year 2018/2019 and
are still available in the current school year to the students. This paper focus on the criteria developed
for analysing pictorial material in chemistry textbooks. Based on theoretical starting points and a review
of literature, a matrix was created for the analysis of textbooks. The data collected were processed using
quantitative methods according to the type of criterion.
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4.1 Sample

The Sample represents textbooks for chemistry in the 8th and 9th grades of lower secondary school,
which were validated in the school year 2018/2019. Textbooks with the same title and authors, a more
recent edition of the textbook was analysed. In textbooks where the electronic and the physical version
are identical, the physical version was analysed.

Tab. 1: List of analysed textbooks

Original textbook title Author(s) Publisher Year of Number Grade
(translated textbook title) publication  of pages
Kemija 8, i-u¢benik Sajovic, I., Wissiak Grm, K., Zavod RS 2014 264 8
(Chemistry 8, i-textbook)  Godec, A.Kralj, B., Smrdu, A., za Solstvo

Vrtacénik, M., Glazar, S.
Moja prva kemija Vrtacnik, M., Wissiak Grm, K.S., Modrijan 2015 240 8,9
(My first chemistry) Glazar, S. A., Godec, A.
Od atoma do molekule 8 Smrdu, A. Jutro 2012 128 8
(From atom to molecule 8)
Kemija danes 2 Graunar, M., Podlipnik, M., Dazs 2016 152 9
(Chemistry today 2) Mirnik, J.
Peti element 9 Devetak, 1., Cvirn Pavlin, T., Rokus Klett 2011 77 9
(Fifth element) Jamsek, S.
Pogled v kemijo 9 Kornhauser, A., Frazer, M. Mladinska 2005 140 9
(Look into chemisty 9) knjiga

All the analysed textbooks contain topics with concepts that are defined by national
chemistry curriculum.

4.2 Research Instrument

A matrix for analysing textbooks in Excel was created. The criteria have been divided into two main
strands: a) the content-didactic criteria and b) the organisational-technical criteria. Strand a) was further
divided into: (1) thinking, (2) tasks, (3) vocabulary and language, (4) content. Strand b) was further
divided into: (5) text and representations, (6) internal structure, (7) external appearance. For the purpose
of this paper, only the results of the analysis of the category (5) test and representations are presented.
The results were processed using Microsoft Office Excel. No textbook was considered preferential.

Table 2 presents the analysis criteria for organisational and technical criteria covering the text and
representations and a description of the subject of the analysis for each criterion.

Tab. 2: Criteria related to text and image, and subject of the analysis of the criterion

Criteria related to text and representations

Subject of analysis

The representation is on the same page as the text
(Piht et al., 2013).

In this context, it was analysed whether the
representation was on the same page as the text (i.e.
whether the Mayer principles were respected).

Formulas and schemes are understandable and
logical (Piht et al., 2013).

It was analysed whether the schemes, formulas and the
graphs were understandable and in correlation with text.

Characters/Illustration/diagram does not contain
more than 7 elements or objects (Piht et al., 2013).

How many items are displayed in
images/illustrations/schemes has been analysed.

Figure/Illustration/scheme is in correlation with
text (Piht, et al., 2013).

It was analysed whether the images/illustrations/ in
chemistry textbooks are related to text.

In the textbook we find presentations at macroscopic
level (e.g pictures, sketches, photographs, film
cuttings, ...) (Bolsterli et al., 2017).

It was analysed how many presentations in the
chemistry textbooks are at macroscopic level.

In the textbook we find presentations of particles at
sub-microscopic level (2-D or 3-D
sub-microprezentation) (Bolsterli et al., 2017).

It was analysed how many sub-micro representations are
in the chemistry textbooks.

In the textbook we find presentations at the
symbolic level (mathematical formulas, symbolic
chemical language) (Devetak et al., 2007)

It was analysed how many of the presentations are in
the chemistry textbooks at the symbolic level.

The textbook contains conventional images (graphs,
sketches, schemes, maps, molecular models)
(Devetak et al., 2010)

It was analysed how many conventional images are in
chemistry textbooks.

The textbook contains hybrid images (Devetak et
al., 2010).

It was analysed how many hybrid images are in
chemistry textbooks.
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4.3 Results

The results are presented only for the organisational and technical criteria covering the textual and
pictorial elements in textbooks. The results are presented for the topic: electrolyte chemistry. The topic
occurs in textbooks for 8th grade and three textbooks for 9th grade, because textbook authors are not
obligated to write textbook topic in the same order as the topic (objectives) that are written in the
chemistry curriculum for primary school.

Tab. 3: Textbook representations on the electrolyte chemistry in Slovenia lower secondary chemistry
textbooksgeneral characteristics

Criteria (YES/NO) Kemija Peti Pogled Od atoma Moja prva  i-u¢benik
danes 2 element 9 v kemijo9 do molekule 8 kemija kemija 8

The representation is on the YES YES YES YES YES YES

same page as the text.

Formulas and schemes are YES YES YES NO NO YES

understandable and logical.

Characters/Illustration/diagram YES YES YES YES YES YES

does not contain more than

7 elements or objects.

Figure/Illustration/scheme is in YES YES YES YES YES YES
correlation with text.

For the analysed topic, the authors of the textbooks took into account that the pictures are on the
same page as the text and that they have a reference to the text. All the formulas and schemes analysed
were understandable and appropriate, except for the presentation of the aqueous solutions in the textbook
From atom to molecule 8, in which the water molecules are drawn and the background is coloured blue,
this representation can cause misunderstanding and representation in textbook My first chemistry where
you can not read why the chlorine ione is highlighted in purple.

Tab. 4: Textbook representations on the topic electrolyte chemistry in Slovenia lower secondary chemistry
textbooks at thetriple nature of chemical concepts

Criteria (f) Kemija Peti Pogled Od atoma ~ Moja prva i-u¢benik
danes 2 element 9 v kemijo 9 do molekule 8 kemija kemija 8

(f) (f) (f) (f) (f) (f)

In the textbook we find representations 45 18 20 32 24 30

at macroscopic level (e.g pictures,

sketches, photographs, film

cuttings, ...)

In the textbook we find representations 10 7 0 3 12 11
of particles at sub-microscopic level

(2-D or 3-D sub-micropresentation)

In the textbook we find representations 50 20 2 46 13 20
at the symbolic level (mathematical

formulas, symbolic chemical language)

The textbook contains conventional 23 9 4 11 10 3
images (graphs, sketches, schemes,

maps, molecular models)

The textbook contains hybrid images 8 6 0 2 9 6

In the analysed textbooks we find most representations on the symbolic level, most of them in the
textbook Chemistry today 2 (f = 20), and none in the textbook Look into chemistry 9 (f = 0). The
macroscopic level is most represented in the textbook Chemistry today 2 (f = 45) and in the textbook
From atom to molecule 8 (f = 32). In the analysed chapter, all textbooks contained very few sub-
microrepresentations. Textbook Look into 9 had only 2 sub-microrepresentations (f = 2).

Most of the conventional representations are found in textbook Chemistry today 2 (f = 23) and
in Textbook From atom to molecule 8 (f = 11), at least in the I-textbook chemistry 8(f = 3) and
in Textbook Look into chemistry 9 (f = 4). Most of the hybrid representations can be found in the
textbook My first chemistry (f = 9) and in the textbook Chemistry today 2 (f = 7) and Fifth element 9
(f =7), From atom to molecule 8 had only two hybrid representations (f = 2). The textbooks Look into
Chemistry 9, did not have any hybrid representations.
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Tab. 5: Examples of sub-microrepresentation form analysed textbooks
Textbook

Example

My first chemistry

kloridniion, CI~ | &

b oksonijev ion, H;0* \'&%

Fifth element 9

Chemistry today 2

Chemistry 8, i-textbook

NH;(aq)

Q molekula
amonijaka NH,
; amonijev ion NH,*

6 hidroksidni ion OH"

" molekula vode H,0

From atom to molecule 8
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The textbooks Chemistry 8, i-textbook, Chemistry today 2 and My first chemistry did have a legend
for particles that are presented in the sub-microrepresentation. In all of these textbooks the text was
related to the sub-microrepresentation, containing an explanation of the image, followed by questions
such as: which particle indicate that the solution is acid or base, and which particles indicate the solution
is an electrolyte. In the textbook Chemistry 8, i-textbook, the text did not state why some particles are
yellow coloured. The textbook Fifth element 9 did not have a legend for particles presented on the image,
but the text under the image did ask students to pick which particles are water molecules and which
are hydronium ions. The sub-microrepresentation in textbook From atom to molecule 8 can cause some
misunderstanding, because in the solution we see water molecules but the background is also coloured blue
(which represents water). The textbook Look into chemistry 9 did not have any sub-microrepresentations
present.

5 Discussion

The purpose of this paper is to present the characteristics of the pictorial material in Slovenian chem-
istry textbook for students in lower secondary school. The first research question deals with general
characteristics of pictorial representations in analysed textbooks. All the authors of analysed textbooks
acknowledged Mayer’s (2014) principles, so all the pictorial material is on the same page as the text it
refers to. All analysed textbooks, except the textbook My first Chemistry (Moja prva kemija) meet the
criteria for general characteristics. The second research question deals with type specific pictorial repre-
sentations and how frequently the triple nature of chemical concepts are included in analysed textbooks.
Our results for the second research question are consistent with the findings of (Nyachwaya & Wood, 2014;
Shehab & BouJaoude, 2017 and Gkitzia et al., 2011) who reported “a bias towards a macro-symbolic
orientation in the textbook”. In the introductory chapters of textbooks, it is expected that textbooks
macroscopically present chemical phenomena, as this (macroscopic) level a representation has potential
to attract and stimulate students’ interest in chemistry (Upahi & Ramnarain, 2019). In a longitudinal
study by Lee (2010), the author examined the extent to which representations in textbooks published in
the United States have changed over the past six decades. It was found that high-fidelity images, such as
photographs, were more likely to be used than the schematic and explanatory images to promote student
familiarization. In explaining the criteria for evaluating the quality of science textbooks, Devetak and
Vogrinc (2013) noted that visual materials are sometimes used to stimulate recall of prior information.
Although many variables related to graphic features were considered, the researchers failed to extract the
overall graphic/representative quality of elementary science textbooks.

The results of our study indicated a very small proportion of sub-microscopic representations in the
textbooks and this fails to address the important point that many chemical phenomena are understood
at the particulate level (Davidowitz & Chittleborough, 2009). It is equally important that textbook au-
thors give attention to this form of representation. In a study of Kapici and Acikalin-Savasci (2015) on
how visuals that focus on the particulate nature of matter are used in middle school science textbooks,
it is also reported a less frequent use of the sub-microscopic levels in chemical explanations. Analysed
textbooks contained very few hybrid images. Researchers (Carney & Levine, 2002) recommend that
illustrations/schematics/graphics in textbooks are simple and contain fewer elements, as unnecessary
additions only confuse the students. Hinze et al., (2013) suggests that understanding the kinds of in-
formation and inferences that the visualisations in various learning materials provide requires explicit
instruction and practice. In all analysed textbooks, representations were on the same page as the text.
The importance of relatedness of text to representations in terms of completeness and linkage is that stu-
dents do not have to try to establish a link and interpret the image in relation to the text by themselves
(Levias Pozzer & Roth, 2003). Irez (2010) examined five secondary biology textbooks and investigated
the treatment of the nature of science. Lee (2010) examined the design and use of representations that
have changed over six decades in the United States and argued that the diagrams used in textbooks are
becoming increasingly iconic. Science was found to be represented as a collection of facts rather than
a dynamic process of generating and testing alternative explanations about the nature of science. The
study identified a problem in the textbooks that may be generating alternative ideas about science as the
scientific domains were presented as collections of facts rather than dynamic processes. Hegarty and Just
(1991) who classified diagrams used in science teaching context into three types which include: Iconic
diagrams, schematic diagrams, and charts and graphs. Iconic diagrams are realistic pictures or drawings
of concrete objects. They are effective in helping students identify appearance and structure that are
amenable to visual inspection. Schematic diagrams are highly abstracted from real-world entities and
preserve only the physical relationships of the target information. Consequently,interpreting a schematic
diagram requires learners todecode the abstract content of the diagram and make a connection to the
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target concept. The third category, diagrams and graphs,represents the relationships of quantitative data.
It is often necessary for the reader to identify all independent variables before making an interpretation
because abstract meanings and numerical data are embedded in charts and graphs

6 Conclusion

Chemistry requires the integration of chemical representations to understand phenomena in textbooks
and during classroom instructions, for effective teaching and learning of chemical concepts to take place.
When the teacher may be limited in portraying these phenomena during class, textbook becomes a vital
and indispensable tool for conveying an adequate understanding of the underlying concepts and principles
of a chemical phenomenon.

The goal of this study was to develop criteria for textbook analysis that can help the commission
in the process of textbook validation, as well as the teacher in the selection of a textbook. In addition,
the criteria can be a good tool for authors in designing new textbooks. The criteria were developed
for 8th and 9th grade elementary chemistry textbooks. In the 2018/2019 school year, the validated
textbooks for chemistry in primary school were analysed. The results in this paper are presented only
for the organisational and technical criteria covering the pictorial elements. Textbook authors need to
acknowledge that if different levels of chemistry representations are well-integrated in textbooks, they
have the potential to reduce students’ difficulties in understanding chemical concepts and promote their
learning. However, teachers who understand the role of pictorial material in chemistry and its connection
to textual part of the textbooks they use in classroom may also be able to use these textbooks more
efficient to promote meaningful learning at each level of education.
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Phylogenetic Trees and Other Evolutionary Diagrams in Biology
Textbooks and Their Importance in Secondary Science Education

Fylogenetické stromy a dalsi evolucni diagramy v ucebnicich pfirodopisu a biologie

a jejich vyznam v sekundarnim pfirodovédném vzdélavani

Markéta Machoval*

1 Faculty of Education, Charles University, M. Rettigové 4, 116 39 Prague 1, Czech Republic;
marketa.machova@student.pedf.cuni.cz

Diagrams describing relationship between organisms, and their overall evolution, com-
monly in the form of phylogenetic trees or other evolutionary diagrams, have become
a part of even lower secondary biology textbooks. These diagrams can help promote
basic science literacy, yet their design may also strengthen misconceptions about evo-
lution. Therefore, based on the content analysis of 112 Czech biology textbooks for
secondary schools (ISCED levels 2 and 3), characteristics of introduced phylogenetic
trees and other evolutionary diagrams were recorded and evaluated according to the
cladistics to see if their construction supports the current scientific understanding of
evolution. The content analysis indicates that the design of nearly half of all diagrams
in current lower (ISCED 2) and upper secondary (ISCED 3) textbooks promotes lad-
der thinking. More than 80% of all diagrams were not accompanied by instructions
on how to read them, meaning that students did not have sufficient scaffolding to
understand them. Mainly ISCED 3 textbooks did not introduce additional problem
tasks that would support the use of the diagrams in the lessons. Therefore, authors of
textbooks should focus more on the construction quality of these diagrams while also
supporting their correct application during the educational process. This is likely to
prevent a further increase in student misconceptions.

Fylogenetické stromy a dal$i evolu¢ni diagramy zobrazujici vztahy mezi organ-
ismy a jejich evoluci se jiz staly soucasti ucebnic biologie a prirodopisu uréenych
pro sekundarni vzdélavani. Tyto diagramy mohou rozvijet zakladni pfirodovédnou
gramotnost, ale nevhodny zpisob jejich zobrazeni muze také posilovat miskoncepce
74kt o evoluci organismiti. Ke zhodnoceni této problematiky v CR byla provedena ob-
sahové analyza 112 ¢eskych ucebnic biologie a prirodopisu pro sekundéarni vzdélavani
(vzdélavaci trovné ISCED 2 a 3). Zaznamenany byly charakteristiky zobrazenych
fylogenetickych stroma a dalSich evolu¢nich diagramiu a dle kladistiky zhodnoceno,
zda jejich stavba podporuje soucasné védecké chapani procesu evoluce. Bylo zjisténo,
ze zpusob zobrazeni témétr poloviny vSech diagrami v ucebnicich pro druhy stupen
(ISCED 2) i stfedni skoly (ISCED 3) podporuje tzv. zebfikovité mysleni (ladder think-
ing). Vice nez 80 % diagramii neobsahovalo instrukce k jejich ¢teni a zaci tak nemaji
oporu, kterd by jim umoznila diagramy spravné pochopit. Pfedevsim ucebnice pro
stfedni skoly neuvadély dodatecné problémové tulohy, které by podporovaly vyuziti
téchto digramt ve vjuce. Doporucenim pfi tvorbé ucebnic je tedy zamérit se na zk-
valitnéni konstrukce téchto diagramii a podporu jejich vyuziti ve vyuce, coz by mélo
branit dalsimu nartstu zékovskych miskoncepci.
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Determination of relations among organisms and their evolution in time are studied nowadays more
than ever thanks to the growth of molecular genetics methods (Zrzavy et al., 2004). These findings are
then visualised in a form of branching diagrams commonly known as phylogenetic trees (Baum, 2008;
McLennan, 2010). And as knowledge of systematics (consisting of both taxonomy and phylogenetics) grew
over the last few decades, various phylogenetic trees and other types of evolutionary diagrams found their
way even into the lower secondary school textbooks (Catley & Novick, 2008).

Although these diagrams have the potential to both introduce students to the diversity of organisms
on the Earth and their relations as well as promote basic science literacy and a deeper understanding of
evolution (Gregory, 2008; Sandvik, 2008), they, unfortunately, showed as problematic. Firstly, they are
not self-explanatory and requires instructional scaffolding, and secondly, their design can also reinforce
various misconceptions, mainly ladder thinking and inappropriate level of anthropocentrism (Sandvik,
2008).
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These fallacies in understanding the concepts of phylogeny and evolution seem to be rather hard to
overcome. Even university students of biology often showed these misconceptions while dealing with the
phylogenetic trees (Dees et al., 2014; Halverson et al., 2011; Kummer et al., 2016) — they were unable
to correctly interpret the relations between taxa (Phillips et al., 2012; Sa’adah et al., 2017; Sandvik,
2008) and showed a wrong understanding of evolution (Sa’adah et al., 2017). Both biology graduates
and undergraduates tended to read the phylogenetic trees from left to right assuming that organisms on
the left always show more ancestral traits (Novick et al., 2012; Omland et al., 2008). Even graduates of
evolutionary biology and phylogenetics courses struggled to read and build the correct phylogenetic trees
(Phillips et al., 2012; Schneider et al., 2012).

This raises the question of whether phylogenetic trees should be even introduced at lower educa-
tional levels. On the other hand, the introduction of correctly made phylogenetic trees during the lessons
accompanied by instructions on how to understand them can be a tool to challenge students’ way of
thinking and target their misconceptions about the evolution of organisms (Angielczyk, 2009; Sandvik,
2008). As a special type of diagram, they can be also used to promote not just basic science literacy
but also statistical and reading literacy (in other words to promote several key competencies). Therefore,
phylogenetic trees can be a very useful part of biology education even at the secondary level if used in
the right way.

As evolutionary biology is already introduced at the end of a lower secondary level (ISCED 2), phylo-
genetic trees can help to visualize its basic principles. This stresses the need to design these trees correctly
using cladistic principles. The way the tree is depicted influences how the viewers read and understand
it (Dees et al., 2018; Novick et al., 2012), therefore, an inappropriately constructed phylogenetic tree can
do more harm than good as it can support the scientifically incorrect ways of thinking mentioned above
(Sandvik, 2008).

Unfortunately, only little is known about if biology textbooks help to promote students understanding
of phylogenetic trees or if they use them to support the correct concept of evolution and organisms’
relations. In the case of Czech ISCED 2 and 3 biology textbooks, there is nothing known about the overall
amount or the quality of phylogenetic trees and other evolutionary diagrams as well as their integration
into the presented curriculum — neither in the current textbooks nor from a historical perspective.

Therefore, this study aims to explore the following:

e Are basics of phylogenetics and taxonomy (as how relations among organisms are established)
introduced in the Czech ISCED 2 and 3 biology textbooks?

e When did the phylogenetic trees and other evolutionary diagrams become a part of Czech ISCED 2
and 3 textbooks?

e What types of phylogenetic trees and other evolutionary diagrams can be found in the Czech
textbooks?

e What kind of information do these types of diagrams show (i.e. their characteristics)?

e Does the design of these diagrams support the scientifically correct understanding of evolution (tree
thinking)?

e Do the current textbooks contain sufficient scaffolding on how to read and understand these types
of diagrams?

2 Theoretical framework

Diagrams showing the development and relations between organisms became emblematic visuals of mod-
ern biology. Today, these diagrams are commonly grouped under the term phylogenetic tree (or synony-
mously evolutionary tree) (Reddy, 2011).

2.1 Brief history of taxa relations determination

The history of these diagrams began in the second half of the 19" century. At that time, relations

among organisms were studied by systematics and their determination relied only on the morphology and
anatomy of organisms (Fendrych, 1947; Hoffeld et al., 2017). The first phylogenetic trees are attributed
to Charles Darwin (Gregory, 2008) and were published in his ‘On the Origin of Species’ in 1859 (Darwin,
1859). In the very next decade, these branching diagrams spread and were used by other scientists (Hoffeld
et al., 2017; Mivart, 1865).
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Progress of genetics during the second half of the 20" century gave rise to the modern phylogenetics
that determines relations of organisms according to their heritable traits — not just morphology, but also
their DNA (Reddy, 2011; Zrzavy et al., 2004). The shape of phylogenetic trees and methods of their
construction then gradually changed — from morphological-based ladder trees such as Haeckel’s trees of
life (Dayrat, 2003) to a currently popular form of right-angled chronograms based on molecular genetics
methods (Omland et al., 2008; Yang & Rannala, 2012). This resulted in many new findings from major
changes in the classification of certain taxonomic groups to the discovery of cryptic species, but it also
enabled more precise reconstruction of evolutionary history (Zrzavy et al., 2004).

2.2 Definition and characteristics of phylogenetic trees

The term phylogenetic tree is derived from its visual form. Such diagram shows a branching pattern, where
every branch represents a certain group of organisms. Branches end up with tips that can represent either
higher taxon, a single species or in some cases even a specific gene (Reddy, 2011; Scott & Baum, 2016).
Taxa showed at the tips of the branches are mostly extant, but can be also extinct or represented by
fossils (Scott & Baum, 2016).

Branches divide into nodes that represent speciation events and the last common ancestor of organisms
that are represented by the branches descending further from the node (McLennan, 2010); Scott & Baum,
2016). Therefore, branches can be turned (rotated) at the nodes without a change of diagram’s meaning
(Fig. 1) (Baum, 2008). This means that it is the topology of branches that really matters and not the
order of taxa at the tips of branches (Sandvik, 2008).

—_— E — E
— B —_— A — D
— C — B — C
D — C — B

E — D — A

Fig. 1: Three hypothetical phylogenetic trees, each taxon labelled with a letter. All three trees show the same
information about the taxa relations, only the branches were rotated in nodes on different levels

In the node, the branch splits into two — if more than two branches are descending from one node,
it means that relations among these taxa remain unclear (referred to as polytomy or multifurcation)
(Novick & Catley, 2016).

Phylogenetic trees can be unrooted or rooted, where rooted means that there is one branch representing
the last common ancestor of all depicted taxa at the beginning of the tree, and all the other branches are
successive to this one (Reddy, 2011; Scott & Baum, 2016).

To create a branching pattern that is easy to read and visually clear, branches are often connected
in 90° angles. Therefore, every tree can be visualised in several different ways without a change in
a branching pattern (McLennan, 2010). Types commonly used in the scientific literature are for example
(Baum, 2008) rectangular tree that can be easily transformed into circular or ladder tree (diagonal) (see
Fig. 2).

B
— A E C D A B
| —B A
_C D
LD
E E o

Fig. 2: Three different shapes of the same tree, from the left: rectangular, circular, ladder (diagonal)
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Phylogenetic trees are constructed using various methods, but they all share the common principle —
organisms are grouped according to their shared unique characteristics (anatomy, morphology, DNA
sequence, etc.) (McLennan, 2010; Morrison, 1996). This applies both in the case of analysis of currently
living organisms relations as well as relations among extinct and extant taxa (Morrison, 1996). To address
these characteristics, it requires specific terminology. Characteristics are described as (McLennan, 2010;
Scott & Baum, 2016):

e plesiomorphy — ancestral state of certain characteristic

e apomorphy — derived state of ancestral characteristic, referred to as a synapomorphy if certain apo-
morphy is shared within a group of organisms (clade) and as an autapomorphy, if this characteristic
is found only in one taxon

Notably, only characteristics of taxa can be assigned as plesiomorphic or apomorphic, not the taxa
themselves as they always combine both types of characteristics (Zachos, 2016).

According to the type of represented information, we can divide phylogenetic trees into several cate-
gories. In all cases, the hierarchical branching pattern of the tree (broadly referred also as dendrogram)
shows the same relations among taxa, but the information given by the branches varies (Podani, 2019;
Reddy, 2011; Scott & Baum, 2016; Zachos, 2016):

e cladogram — shows only relations of taxa through the branching pattern and does not show ancestor-
descendant relations (extant taxon cannot be ancestral for another extant taxon), represents only
relative time (if rooted and consisting of extant taxa, the root represents the past and the tips of
the branches present, but nodes themselves do not represent specific points in time)

e phylogram — the length of branches represents the amount of characteristics’ change, therefore, the
tips of the branches are not equidistant from the root

e chronogram — the length of branches represents the absolute time, and all the tips of the branches
are equidistant from the root (in the case they represent extant taxa)

e special types as spindle diagram (also referred to as romerogram, where the thickness of branches
represents the diversity of taxa in time) or tree of life (aims to visualise the evolution of life, the
root represents the last universal common ancestor of all organisms on Earth)

Till today, various types of phylogenetic trees became ordinarily used at the university level but also
found their way into secondary school textbooks (Catley & Novick, 2008), which requires the ability to
read and understand them correctly.

2.3 Misconceptions in understanding and reading the phylogenetic trees

The ability to understand and read phylogenetic trees became one of the important goals of biology
education (McCullough et al., 2020) as they help students understand not only the relationships among
living organisms but also the underlying principles of their origin and processes of evolution (Gregory,
2008; Schramm et al., 2019). Knowledge of relationships among taxa provides deeper insight into their
ecology and ethology (Felsenstein, 1985; Wiens, 2004) as well as the process of transmission of infectious
diseases and parasites among them (Ypma et al., 2013).

To achieve this understanding among students, it requires to introduce phylogenetic trees constructed
according to the cladistics whose design does not promote common misconceptions or rather historical
views on the process of evolution (Catley & Novick, 2008; Dvofakovéa & Schierovd, 2019) such as ladder
thinking and inappropriate level of anthropocentrism.

One of the biggest challenges while teaching the topic of evolution is to shift students understanding
from the ladder to the tree thinking (Gregory, 2008). Ladder thinking represents an incorrect historical
concept that the development of organisms can be simply depicted by aligning them according to their
complexity (Zachos, 2016). Rooted in the concept of scala naturae, it shows evolution as a ladder from
the simple unicellular to the more advanced multicellular organisms, often crowned by mankind on the
top (Diogo et al., 2015).

Therefore, ladder thinking leads to the wrong assumption that the currently living organisms with the
less complex characteristics are ancestors of the more complex or derived ones (Meisel, 2010) or that they
are ‘less evolved’ (Kummer et al., 2016). One of the examples is a common misconception that humans
evolved from chimpanzees or that the current unicellular organisms represent the ancestral state of all
animals.
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Such visuals (resp. diagrams) are already known by Ernst Haeckel (Dayrat, 2003), but they are not
just historical, as they can be found even in current textbooks (Danc¢dk & Sedlérova, 2011). Even modern
cladograms published in scientific journals can imply this no longer valid concept by the arrangement
of the organisms at the tips of the branches in left-right or top-down order (or reverse) according to
the species richness of presented higher taxa (Zachos, 2016). Scientists themselves then tend to describe
extant taxa wrongly as ancestral, while they only carry some ancestral traits (Zachos, 2016).

As the understanding of evolutionary mechanisms deepened, the scientific community shifted towards
the current concept of tree thinking. This concept has not been properly defined but revolves around the
idea that tree thinking is necessary to successfully extract information about relationships of organisms
from phylogenetic trees (Schramm et al., 2019; Scott & Baum, 2016). The tree thinking skills consist of
several main abilities as described by Novick and Catley (2016): understanding how phylogenetic trees
depict relations and identifying relatedness of visualized taxa, identifying shared characteristics inherited
from the most recent common ancestor (synapomorphies) and using these characteristics to reason about
relations, identifying in which order did the new characters arose during the process of evolution, and
understanding that rotation of the branches around their nodes does not change the relations of taxa as
well as addition or removal of the branches.

Contrary to the ladder thinking, tree thinking promotes the view that all currently living organisms
share common ancestors, and, no matter the complexity of their characteristics, they all share the ability to
maintain their existence in the current environment and successfully overcame a long time of development
that more or less shaped them to their current form (Zachos, 2016). Therefore, it implies that although
some extant organisms have more complex characteristics than others, they cannot be perceived as better
or higher, neither as having an ancestor-descendant relationship (Diogo et al., 2015; Kummer et al., 2016;
Zachos, 2016).

The same applies to mankind. Both scientists and teachers very often face the common idea of strong
anthropocentrism, which means positioning man on the top of all the living beings and understanding
nature only from the perspective of human life. Humans are often presented as one of the most complex
organisms on Earth, but it does not make them implicitly better or way more important than any
other organisms they share Earth with. Anthropocentrism is often blamed for various phenomena in
science education — as understanding microorganisms more as a cause of diseases than an important
part of the ecosystem helping to decompose and cycle the matter (Byrne et al., 2009) or belief that
cell death and ecosystem disturbance have always only negative implications (Coley & Tanner, 2012).
Effects of anthropocentric thinking are also often discussed in environmental education while reasoning
for environment protection (Cocks & Simpson, 2015; Kopnina, 2014).

In phylogenetic trees, anthropocentrism is emphasized by aligning the organisms according to their
complexity with humans placed in some privileged position (as on the top of the tree or the very right
side, as the trees tended to be read from left to right). This is mainly visible when the tree also promotes
the ladder thinking and its branches are also not equidistant from the root. Similarly, as in the case of
ladder thinking, trees can also end up looking anthropocentric if the taxa are aligned from the ones with
the oldest common ancestors to the youngest.

All of these problems can be easily fixed by rotation of branches in their nodes and making all the
branches tips with extant taxa equidistant from the root, so the reader focus more on the branching
pattern rather than the order of the taxa on the branches tips (Zachos, 2016).

3 Methods

To evaluate the amount and the characteristics of all phylogenetic trees and other evolutionary diagrams
in Czech science education, content analysis was carried out. It included Czech biology textbooks aimed
for educational levels ISCED 2 and 3 and textbooks recommended for ISCED 3 students’ final exams
(‘Maturitn{ zkouska’). To gain a historical perspective and reveal when the knowledge of systematics and
phylogenetic trees were first introduced in the textbooks, all textbooks that were published after the first
edition of Charles Darwin’s ‘On the Origin of Species’ (1859) were included.

Textbooks were divided into four groups according to the year of publishing: archaic (published from
1859 to 1917), historical (1918-1948), post-war (published from 1949 to 1989), and currently used (still
being available in stores and used by teachers, published after 1990 and later). Chosen periods represent
the main events in the development of the Czech educational system, which were the end of the Austrian
Empire after the 1848 revolutions, the establishment of the Czechoslovakia, socialist era, and the new
development after the Velvet Revolution (Cornejova et al., 2020).

If it was possible to access more than one edition of a single textbook, they were compared. In the
case of current textbooks (published after 1990), significant differences among various editions in content
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concerning the topic of systematics (i.e. taxonomy or phylogenetics) were only discussed. Therefore, only
the newest editions were used in the content analysis itself. In the case of the textbooks published before
1990, editions with such differences were included in content analysis and counted as two separate books.
Different editions of a single textbook that were compared but showed having the same content are cited
in Appendix 1 (part C).

All textbooks were subjected to the content analysis of topics of phylogenetics and taxonomy, i.e.
searched for any information about how are relations among organisms generally established and visu-
alised both in the term of the taxonomic groups or individual species relations. Found content was divided
into two categories: explanatory text and visuals (both text-based and diagram with pictures).

Explanatory text was either focused on the taxonomy (as the introduction of binomial nomenclature or
Linnean categorization that enables to group related organisms), or phylogenetics in general (explanation
of determination of organisms’ relationships and phylogenetic trees construction and reading).

Visual (or graphic) elements were subjected to both qualitative and quantitative content analysis.
All elements that were describing either taxonomic groups, their relationships, or development in time
were included. As textbooks often do not use the same formats of displaying taxa relations as scientific
literature does, there was a need to develop a specific categorization system. Therefore, Catley and
Novick’s (2008) categorization was adopted and partly altered. Four main categories of all textbooks’
graphic elements related to taxonomy and phylogenetics were established:

e taxonomic overview — plain list of taxonomic groups with assigned lower subphyla (as classes, orders,
families, etc.) without the depiction of their relations, unrooted, showing mainly polytomies

e linear depiction of evolution — organisms’ development viewed exclusively as a linear change from
one species to another, even though it should be portrayed as cladogenesis and not anagenesis (e.g.
famous illustration of ape gradually changing to modern human)

e phylogenetic tree — in this study, this term is narrowed to the diagram constructed according
to the basic cladistic principles, i.e.: representing relations among the depicted species without
implying ancestor-descendant relations (e. i. species placed only at the tips of the branches), extinct
taxa clearly differ from extant (labelled or their branches are visibly shorter), all extant taxa are
equidistant from the root (unless it is phylogram), not using polytomies (or only in cases where
taxa relations are not yet established); these phylogenetic trees were then divided according to their
visual form into three groups (see Fig. 3) according to Catley and Novick (2008):

— tree (rectangular) — branches create a clear levelled structure, could be both bifurcate at the
right angle (most common in professional biology journals) or with branches rounded in nodes

— ladder (diagonal) — branches are following one main diagonal line, branches can be rounded at
nods

— other types — branching structure does not show distinguished levels and no diagonal line is
present

][] W w
| A B) c)

Fig. 3: Illustrations of types of cladograms distinguished in this study, from left: A) — tree cladogram, B) —
ladder (diagonal) cladogram, C) — other

e other evolutionary diagrams — other established types of phylogenetic trees or any other evolutionary
diagrams showing either only development or both development and relations between taxa with
deviations from traditional cladistics (e.g. ‘ancestry’ taxa are placed in the middle of the branches,
extant taxa in different distance from the root, depicted as a bar chart, or non-Darwinistic trees
of life); these diagrams were further assigned to the several categories established in the scientific
literature as:

— Haeckel’s tree of life — rooted, length of branches varies and has no meaning, supporting ladder
thinking
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— chronogram — branches show relations of the taxa and their length represents time, contains
an additional timeline

— spindle diagram — showing an abundance of taxa during the time with or without their relations

— other — diagram bordering the characteristics of types above

Furthermore, several key characteristics of all phylogenetic trees and other evolutionary diagrams
found in currently used textbooks were recorded. These characteristics were chosen according to how the
diagrams:

e enable the reader to gain information about the introduced taxa, their relations, and their devel-
opment in time

e influence scientifically correct understanding of evolution (tree thinking)
e resemble the phylogenetic trees commonly used in the scientific literature

Therefore, these characteristics related to the phylogenetic trees and other evolutionary diagrams were
recorded:

e anthropocentric — humankind is explicitly placed in the privileged position among other organisms
(as on the very right side, on the top, in much bolder colours etc.)

e supporting ladder thinking — organisms are aligned at the tips of the branches according to their
complexity in left-right or top-down order or reverse

e polytomy — at least one clearly visible polytomy of the taxa, whose relations were already known
by the time of publishing the textbook

e time-respecting — all currently living organisms are equidistant from the root, extinct organisms
have visibly shorter branches

e rooted — visible root or marking of the last common ancestor

e right angles in the nodes — branches are connected always at the right angle

e time scale — additional time scale or time markings of important events in time

e hominids evolution — diagram contains the evolution of hominids (only or among other taxa)
e species illustrations — introduced taxa are represented by a picture of a certain specie

e coloured — diagram and the illustrations in it are colourful or only black and white

e instructions — any additional text instructions on how to understand and read the presented diagram,
these can be both in the textbook’s text or in the diagram’s caption (i.e. simplified principles of
cladistics and tree thinking), does not mean a description of taxa, branches division or a timeline
that is already presented in the diagram

Notably, flaws in relations among taxa (f.e. use of paraphyletic groups) were not recorded as this topic
itself is broad and would require a separate study.

4 Results

The analysis contained altogether 112 textbooks for ISCED 2 and 3 educational levels with different titles
or different content of searched topics, several of them were found in two or more editions (see Tab. 1,
whole list available in Appendix 1).

Tab. 1: Number of textbooks subjected to content analysis in all categories according to the year of publishing

Year of publishing

Educational archaic historical post-war current  Sum per
level (1859-1917)  (1918-1948)  (1949-1989)  (1990+) level
ISCED 2 3 12 7 39 61
ISCED 3 10 8 14 19 51
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4.1 Phylogenetics and taxonomy in the textbooks

Explanation of concepts of binominal nomenclature and Linnean categorization and even a short descrip-
tion of phylogenetics as a science were all found already in historical textbooks. In post-war textbooks,
description of binominal nomenclature and Linnean categorization were part of half of all the textbooks,
while at least simple information about how the relations of taxa are determined according to their
similarities was found in 38% of the cases.

In current textbooks, the introduction of taxonomy as a science, Linnean categorization of taxa and
binominal nomenclature were part of at least one textbook from each edition aimed for ISCED level 2
and half of all the textbooks for ISCED level 3.

Phylogenetics, on the other hand, was introduced only in two current textbooks for ISCED level 2 —
very shortly as a science focused on the development of species (Cilek et al., 2000; Pelikdnova et al.,
2016). Three current ISCED 3 textbooks contained a simplified description of how the relations among
taxa are determined and how to understand the phylogenetic trees (BeneSova et al., 2013; Kincl et al.,
2008; Smarda, 2003). Two textbooks, containing a full chapter devoted to this topic, were also published
during the last decade (Flegr et al., 2017; Rosypal et al., 2003).

4.2 Types and amount of visual elements related to phylogenetics and taxonomy

The first published diagram showing relations among taxa was recorded in 1936 (Bartusek, 1936), but
any other evolutionary diagrams did not appear in any other textbook until 1945 (Rehak, 1945 and began
to be more abundant only later during the post-war era (Tab. 2).

Tab. 2: The number of textbooks containing any visual (graphic) elements related to taxonomy and
phylogenetics. Total number of textbooks in individual categories: archaic = 13, historical = 20, post-war = 21
and current = 58. The percentage was counted from the sum of the textbooks in every individual category

Type of searched visual element and number of textbooks containing it

Textbook Nothing Taxonomic Linear Evolutionary Phylogenetic tree
category overview depiction diagram tree ladder other
Archaic 6 7 0 0 0 0 0
percentage 416% 54% 0% 0% 0% 0% 0%
ISCED 2 2 1 0 0 0 0 0
ISCED 3 4 6 0 0 0 0 0
Historical 10 9 0 3 0 0 0
percentage 50% 45% 0% 15% 0% 0% 0%
ISCED 2 8 4 0 0 0 0 0
ISCED 3 2 5 0 3 0 0 0
Post-war 8 6 1 11 0 0 0
percentage 38% 29% 5% 52% 0% 0% 0%
ISCED 2 4 1 1 2 0 0 0
ISCED 3 4 5 0 9 0 0 0
Current 15 29 10 17 5 4 4
percentage 26% 50% 17% 29% 9% 7% 7%
ISCED 2 11 21 10 6 2 1 1
ISCED 3 5 8 0 11 3 3 3

Textbooks from the post-war era did contain various types of other evolutionary diagrams but no
phylogenetic trees. The most commonly used were Haeckel’s trees of life implying the principle of scala
naturae (N = 8), also five spindle diagrams and three chronograms were found, where two showed
phylogeny partly as a linear change of one species to another (Jilek et al., 1982; Poupa & Meisner, 1969).
Only in one case, evolution was showed exclusively linear (evolution of hominids in Fleischmann et al.,
1983).

A significant change in the amount and types of evolutionary diagrams between various editions of
a single book was found only once. In textbooks for 9** grade by SPN, the oldest edition contained
a spindle diagram while the newest one was free of all searched visual elements (Pauk et al., 1972, 1980).

In the current textbooks, phylogenetic trees and other evolutionary diagrams (both further referred
to as diagrams) were found in both ISCED 2 and 3 textbooks through their quality varied (see Fig. 5).
Altogether, ten phylogenetic trees of various type were found. Though Haeckel’s trees were not that
common type of other evolutionary diagrams anymore, they still appeared in six cases. There were
also eight spindle diagrams, but the most common were chronograms and other diagrams, which were
commonly cladograms that did not conformed to the definition of phylogenetic tree used in this study.
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4.3 Characteristics of diagrams

In the post-war textbooks, 80% of all diagrams (both phylogenetic trees and other evolutionary diagrams)
supported the idea of ladder thinking and showed unnecessary polytomies that were caused partly even
by the shape of branches and unclear nodes due to avoiding clear 90° angle design (Fig. 4).

anthropocentric
ladder thinking
polytomy
time-respecting
rooted
right-angle nodes
time scale
hominids
pictures
coloured
instructions

tasks
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of diagrams (%)

Fig. 4: Characteristics of all diagrams (both phylogenetic trees and other evolutionary diagrams, N = 18)
presented in post-war textbooks. As there were only two diagrams from two ISCED 2 textbooks, ISCED 2 and 3
textbooks are not divided

Diagrams presented in current textbooks often reinforced misconceptions (Fig. 5). 50% of ISCED 2 and
40% of ISCED 3 diagrams supported ladder thinking by aligning organisms at the branches’ tips according
to the complexity of their characteristics. Half of all diagrams also showed unnecessary polytomies.

More than 80% of diagrams in all current textbooks were rooted and more than 60% time-respecting
(extant taxa equidistant from the root). No distinction between currently living (extant) and extinct taxa
was more common in ISCED 3 textbooks. Only ten diagrams showed branches connected strictly at the
90° angle, all were presented in ISCED 3 textbooks. In 10 out of all 14 ISCED 2 textbooks diagrams,
branches were variously rounded at nodes, which made the precise points of the nodes less visible.

Any instructions on how to read the diagrams that would be placed right along the diagram itself were
presented only in three ISCED 2 textbooks namely from Prodos and Fortuna (Danédk, 2015; Dancdk
& Sedlarova, 2011; Kvasnickova et al., 2018) and four ISCED 3 textbooks (Benesova et al., 2013; Flegr et
al., 2017; Kvasnickové, 2013; Smarda, 2003). Still, these instructions were only very short and superficial.
More than 90% of ISCED 3 textbooks lacked any tasks enabling active use of the diagrams during the
lessons (Fig. 5).
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coloured
instructions
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Fig. 5: Characteristics of all diagrams (phylogenetic trees and other evolutionary diagrams, N = 59) found in
the currently used textbooks (35 diagrams from ISCED 3 and 14 from ISCED 2 textbooks)
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4.4 |ISCED 2 textbooks’ visual elements

In ISCED 2 textbooks, phylogenetic trees and other evolutionary diagrams were overall less abundant, but
in all cases either fully colourful or not entirely black and white (using colours combined with black and
white silhouettes of species). Except for one diagram, they all contained pictures of introduced species.

Unfortunately, part of the diagrams contained very clear flaws. Diagrams of hominids evolution from
three ISCED 2 textbooks partly showed evolution as a transformation of one species directly to the other
one (Cilek et al., 2000; Drozdova et al., 2016; Pelikdnova et al., 2016). Similarly, the textbook for 8"
grade by Prodos partly supported this idea (Navrétil, 2016), which was caused by the attempt to show
both the species evolution as well as their expansion to the continents.

Diagrams of hominids evolution by Fraus and SPN textbooks for 8" grade (Cernik et al., 2015;
Pelikédnové et al., 2016) tended to be visibly anthropocentric (species sorting implies that the complexity
grows from left to right). Though, the most visibly anthropocentric diagram was in the textbook for 9"
grade by Scientia, where humankind was placed in a very privileged position among other organisms and
even distinguished by colour (Cilek et al., 2000).

This Haeckel-like tree diagram (Cilek et al., 2000) was also an example that evolutionary diagrams
from ISCED 2 textbooks sometimes even lacked most information they could have shown (even relations
among the taxa themselves). Similarly, as another tree diagram used in Prodos textbook for 6" grade
(Dancék & Sedlafovd, 2011), they gave only the information about the diversity of living organisms while
also implying the scientifically wrong principle of scala naturae. Notably, the same types of diagrams
were also included in the older textbooks edition by Prodos (Jur¢édk & Fronék, 2004).

ISCED 2 textbooks often used the taxonomic overviews that served as a depiction of the diversity of
organisms. Notably, textbooks for 6 and 7*" grade by Taktik (Petrové et al., 2017; Zidkova & Kniirova,
2017) and Nové skola (Hedbavna et al., 2017) contained big overviews accompanied by colourful pictures
that served as a good reminder of the organisms’ diversity and the taxa that were introduced in the
textbooks. Textbooks by Fraus for 7" and 8** grade (Pelikdnova et al., 2015, 2016) used similar smaller
overviews at the beginning of the new topics accompanied by silhouettes or photos of species. On the
other hand, various textbooks (Dobroruka et al., 2010; Kvasnickova et al., 2019, 2020; Maleninsky et al.,
2004) used big taxonomic overviews as supplementary material at the end of their textbooks in form of
a plain list of taxa, not accompanied by any pictures.

There were various good examples of the use of evolutionary diagrams. Although there were certain
violations of cladistics, diagrams of hominids evolution in the textbook for 8% grade by Fraus (Pelikdnové
et al., 2016) were easy to read and helped to visualise the evolution. They contained pictures of both living
and extinct species, showed additional information (timeline), and were even accompanied by simple tasks
that enabled students to work with the diagrams (as “describe the evolution” and “name ancestors of
humankind”). Looking at the older edition of the same book, it was visible that Fraus also updated and
improved the diagram of hominids evolution (Vanéckova et al., 2006).

Another example was textbooks by Prodos that proved that even linear depictions of evolution imply-
ing the generally wrong ideas about the speciation process can be used in the right way. In the textbook
for 8*" grade, a famous picture of an ape evolving in a linear row into the human was used but with
the caption ‘gradual straightening of the figure during the evolution of the hominids’ (Navratil, 2016).
This caption completely changed the meaning of the picture, therefore, it was not even categorized as
linear depiction. Still, this type of picture without caption or directly implying the linear evolution in
its description was used in several other ISCED 2 textbooks (Matyéasek, 2019; Matyasek & Hruby, 2019;
Zidkova & Kntirové, 2018).

4.5 |ISCED 3 textbooks’ visual elements

Phylogenetic trees and other evolutionary diagrams were overall more abundant in textbooks aimed for
ISCED 3 level. The mean for ISCED level 3 was 1.8 diagram per book, while for ISCED level 2 it was
only 0.4 diagram per book. However, according to the principles of cladistics, the quality of diagrams in
ISCED 3 textbooks varied even more.

ISCED 3 textbooks contained various spindle diagrams (N = 4), chronograms (N = 12), as well as
uninformative Haeckel’s trees of life (N = 4) implying the idea of ladder thinking. Mainly textbooks by
Fortuna (Kincl et al., 2008; Smr# et al., 2004; Smarda, 2003) and Olomouc (Jelinek & Zichacek, 2007)
introduced examples of phylogenetic trees resembling even the ones from professional biology journals
(build clearly as tree or ladder cladograms with branches equidistant from the root).

Diagrams were proportionally less anthropocentric, though they still often supported ladder thinking
as they tended to align organisms in left-right or top-down order from visually simpler to more complex
(Smrz et al. 2004; Smarda, 2003). The most unusual diagrams were introduced in ‘Biologie v kostce’
(Hancové & Vlkové, 2017) — though they were rooted, showing branching pattern, and claimed to be
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depictions of phylogeny, they violated several cladistics principles, contained unnecessary polytomies,
and no pictures of species, which made them look more as confusing taxonomic overviews.

As ISCED 3 textbooks were often only black and white (or contains only coloured attachments with
photographs), diagrams were less visually interesting and only one quarter of them contained any colours.
Only fifth of them was accompanied by schematic pictures of species.

5 Discussion and implications in practise

The first phylogenetic tree was introduced already in 1859 in Darwin’s ‘Origin of species’ (Darwin,
1859, but it took a long time until evolutionary diagrams of any kind made their way into the Czech
textbooks. With one exception of the evolutionary diagram (Bartusek, 1936), textbooks published before
1945 included only taxonomic overviews. During the post-war era, the abundance of evolutionary diagrams
grew, but there were still no modern phylogenetic trees (cladograms or phylograms). Nevertheless, as
modern phylogenetics is a young branch of biology sciences, it is no surprise that textbooks published
before 1989 contained only a few evolutionary diagrams.

Although half of all currently used textbooks introduce bigger taxonomic overviews and all editions
of ISCED 2 textbooks already introduce taxonomy and artificial taxa categorization, phylogenetics is in
any form rather scarce to find. Biology education in the Czech Republic mostly uses the morphological-
taxonomic approach while ordering topics in the school curriculum (Hlavacové, 2017). The ability to
assign organisms to their higher taxa is also demanded by the current national curriculum (NUV, 2021).
On the other hand, depictions of the relations among the taxa are not commonly used, mainly at ISCED
level 2. An older study showed that schemes represent on average only about 16% of all graphic elements
in ISCED 2 biology textbooks (Hrabi, 2006). It reflects the low abundance of phylogenetic trees as three-
quarters of all ISCED 2 textbooks did not contain any diagram depicting evolution and relations among
taxa.

If such diagrams were present in ISCED 2 and 3 textbooks, the majority of them did not conform to
the modern cladistics or tended to variously support misconceptions about evolution and phylogenetics as
a ladder or anthropocentric thinking. These problems were also recorded in textbooks used in USA (Catley
& Novick, 2008). In some cases, diagrams also implied the process of evolution partly as a linear change
from one species to the other or explicit linear depictions of evolution were present. This was already found
in a previous study on the humankind evolution in the Czech textbooks (Dvotdkové & Absolonova, 2017).
Such graphic elements can negatively influence students’ understanding of human evolution implying it
as a gradual change from ape to human (Dvofakova & Schierova, 2019).

Some diagrams even lacked most information about the taxa relations given by continuous use of
Haeckel’s trees of life (Cilek et al., 2000; Danc¢dk & Sedlafové, 2011; Jelinek & Zichacek, 2007). Even
though the captions of these diagrams pursued the intention to show mainly the diversity of living
organisms, the same can be easily visualised in a big taxonomic overview accompanied by pictures of the
introduced species. Similarly, spindle diagrams showed the abundance of taxa during the time but did
not always clearly depicted their relations (Cilek et al., 2000; Smrz et al., 2004). Flaws in the diagrams’
construction were sometimes even visibly caused by graphic designers trying to fit the picture on the page,
as when the names of extant taxa were placed at the roots of branches and not at their tips (Kvasnickova,
2018), or when the distinction of extinct and surviving taxa was unclear from the branches length though
the extinct taxa were labelled with crosses (Jelinek & Zichacek, 2007; Kocérek, 2010).

Similarly as in the USA textbooks (Catley & Novick, 2008), phylogenetic trees and other evolutionary
diagrams were mostly superficially described and lacking instructions on how to read and use them in
lessons. Most of the diagrams in ISCED 3 textbooks contained only short captions describing them as
the depictions of evolution or relations among showed taxa with no more information. Textbooks for
both ISCED level 2 and 3 mostly did not explain how to read these diagrams or only simply described
content of a diagram (as higher taxa names, time of their origin, the way lineages divided) though it was
already proven that phylogenetic trees are not self-explanatory diagrams and without any guidance and
instructions they are interpreted wrong by students (Novick et al., 2012).

Around 40% of ISCED 2 textbooks did not contain ideas for tasks enabling students to work with
the presented diagrams actively in the lessons and most ISCED 3 textbooks did not introduce any such
tasks. Notably, even textbooks for ISCED level 3 devoting whole chapters or longer parts of the text
only to the cladistics principles and phylogenetics itself (Flegr et al., 2017; Kincl et al., 2008; Rosypal et
al., 2003) showed only very few examples of cladograms on which students can apply their newly gained
knowledge. Two ISCED 3 textbooks (Jelinek & Zichacek, 2007; Smrz et al., 2004) also introduced the
diagonal format of trees (ladder trees) that are not recommended to use as students find them much more
difficult to understand than rectangular (tree) format (Novick et al., 2014).
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To conclude, the main problem of the evolutionary diagrams and particularly phylogenetic trees used
in secondary textbooks is not just the reinforcement of misconceptions but also unfulfilled educational
potential.

As many researchers showed, phylogenetics itself is hard for students to comprehend even at the
university level (Dees et al., citemach13; Halverson et al., 2011; Kummer et al., 2016; Phillips et al.,
2012). Therefore, ISCED 2 and 3 students cannot be expected to perform better. However, introducing
outcomes of phylogenetics as a science at the secondary level should not be used to learn students how
to construct the phylogenetic trees or understand detailed principles of molecular phylogenetic methods,
but to comprehend the basic skills of reading such diagrams and acknowledging the message behind the
very basic phylogenetic principles.

The aim of secondary science education is mainly to gain basic environmental and science literacy,
therefore, phylogenetic trees should be used to facilitate students understanding of the evolution process
and the position of humankind among other organisms (Sandvik, 2008). It had also been shown among
university students that reading the trees is a much more comprehensible task than their construction
(Halverson, 2011).

Phylogenetic trees are not just one of the main outcomes of modern science serving very valuable
information, but they also facilitate active learning and help to battle both ladder thinking and miscon-
ception of linear evolution, which is still commonly used in illustrations in the popular culture and media
as well as in many ISCED 2 textbooks as this study showed. Therefore, biology textbooks for higher
grades of ISCED 2 and textbooks for all grades of ISCED 3 should introduce at least one phylogenetic
tree as the most basic depictions of taxa relations rather than the explanation of uninformative and
artificial Linnean categorization (as definitions of family, order, class etc.) (Sandvik, 2008).

On the other hand, phylogenetic trees used in the textbooks should respect students’ cognitive devel-
opment. As they mostly did not meet with phylogenetic trees before, they do not know how to read and
deeply understand this specific type of diagram. This stresses the need to accompany all such diagrams
with instructions on how to read them (Novick et al., 2012). Even very young kids (age 7-11) were able to
understand phylogenetic trees much better given only short instructions (Ainsworth & Saffer, 2013) and
the same has been shown among university students (Phillips et al., 2012). As lectures strictly focused on
phylogenetics are not obligatory at Czech faculties of education (as at the Charles University, the South
Bohemian University, and the Masaryk University), these instructions will not serve just for students,
but in many cases probably also for the teachers, which makes them even more important.

Authors of textbooks should always follow the basic cladistics principles during the construction of
the used trees. At least some of these principles should be also described in the diagram’s caption or the
text, so students can navigate themselves how to read the presented tree correctly. This means statements
like: all living organisms are at the tips of branches (in one line), branches can be turned at their nodes
without changing the meaning (therefore, the species’ order at the tips of the branches do not describe
the species’ complexity), lines and nodes of the branches do not represent extinct species but common
ancestors, and so on.

As they tend to be very abstract, phylogenetic trees in the textbooks should be also more explicit
than their counterparts in scientific journals and made easy to read using pictures of depicted species
and preferably also clear timescale along with the right colour palette (for example to distinguish time
periods or taxa). Rectangular trees should be also preferred over diagonal format (Novick et al., 2014).
Although the branches connections do not have to be strictly at the right angle if it does not lead to the
creation of artificial polytomies due to the poor visual differentiation of the nodes.

However, oversimplification of phylogenetic trees can result in nearly abstract pictures with no useful
information (as Haeckel’s trees of life). These can confuse the students and lead to the wrong understand-
ing of taxa relations or origin (Sandvik, 2008), so they should not be used at all. In case the authors do
not want to incorporate any phylogenetic trees, a much better option is to use a big taxonomic overview
of taxa introduced in the book that will be accompanied by pictures of the most common or known
species (see Fig. 6).

As supporting visualisations, phylogenetic trees can be great tools in hands of educators as a base for
various problem tasks that enable active learning. For example, students can compare the morphology
of related taxa to show examples of convergence and divergence during evolution, they can reconstruct
the richness of human ancestors living at the same time on certain places on Earth, or reason which
characteristics allows currently living taxa to survive. They can also answer some of the most popular
biology questions like “Are we apes, or did we evolve from them?” or “Was it an egg or a hen that
came first?” and many more. Such tasks can help students to deeper their understanding of many basic
principles of science and should be more often embedded in science textbooks. There are already many
other ideas for activities (Davenport et al., 2015; Gibson & Cooper, 2017; McCullough et al., 2020) and
whole educational models developed that can serve as an inspiration for teachers in practice both at
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Fig. 6: Difference between evolutionary diagram promoting misconceptions and diagram made according to the
basics of cladistics. On the left (A), there is a nearly abstract evolutionary diagram in a form of Haeckel’s tree of
life presenting some poly- or paraphyletic taxa. On the right (B), there is a modern colourful chronogram
accompanied by pictures. In the left diagram (A), neither the thickness of branches nor their length has any
meaning as well as their pattern. The diagram also implies ladder and anthropocentric thinking. In the diagram
on the right (B), the branching pattern is clear, length of branches roughly represents time, and the diagram
supports the tree thinking. (Used pictures made by the author.)

secondary and even at the university level (Eddy et al., 2013; Kong et al., 2017; Koupilova, 2020). Such
activities can be also a very beneficial part of biology teachers’ education. They can enable future teachers
to gain a deeper understanding of the topic as well as adopt effective tools to help their own students in
the future.

Many teachers complained to me that due to the recent growth of modern molecular methods phy-
logeny of organisms often changes, implying that textbooks will get outdated quickly after publishing.
However, recent changes in the phylogeny of organisms did not affect most of those introduced in sec-
ondary textbooks neither their categorization, which is at the end only artificial (Sandvik, 2008). Also,
outdated taxonomy seems to be a much bigger problem than phylogeny. Many textbooks used in this
study still introduce such historical paraphyletic taxa as protozoans (Cernik et al., 2007; Musilové et al.,
2018; Pelikanova et al., 2014; Vieweghova, 2019) and even the new editions of the same textbooks did
not update this. Nevertheless, many various problems of outdated taxonomy and phylogeny in secondary
textbooks are not the aim of this paper and will require a whole separate study itself.

As there are no exact records of all the Czech textbooks ever published and used in schools, this study
does not have to include all of them. Therefore, the proportions of textbooks introducing phylogenetic
trees and other evolutionary diagrams does not have to be definite but should represent at least the
majority of textbooks, as various physical and digital archives were combined during the search.

6 Conclusion
Although the first diagram depicting relations between taxa was introduced in the Czech textbook in

1936, evolutionary diagrams became more abundant only later during the second half of the 20*" century
and they were mostly supporting ladder thinking.
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While taxonomy and binomial nomenclature are common parts of the biology curriculum and current
textbooks at both ISCED 2 and 3 educational levels, relations between presented taxa are still introduced
scarcely in current secondary school textbooks.

Current textbooks for both ISCED level 2 and 3 still mostly present various evolutionary diagrams
rather than modern phylogenetic trees and some of them do not even contain nearly any valuable infor-
mation and many promote wrong understanding of principles of both evolution and phylogenetics.

On the other hand, correctly built phylogenetic trees can serve as a way how to effectively visualise
organismal diversity and evolution and support general science literacy as well as students’ active learning.

Therefore, ISCED 2 level textbooks should be accompanied with either big taxonomic overviews of
the main taxa presented in the textbook or a simplified phylogenetic tree accompanied by guidance on
how to read this type of diagram, problem tasks enabling its active use during the lessons, and preferably
also pictures of species and timescale for better visualisation. The same goes for the ISCED 3 textbooks,
where the use of various correctly build and described phylogenetic trees should be a standard.

The results of this study should not be understood the way that detailed cladistic principles and
molecular phylogenetics have to be a part of secondary education, but the main outcomes of phylogenetics
should be used to help students visualise and understand the basic biology concepts and natural processes
as evolution that are part of the common science curriculum and also to prevent the rise of misconceptions
about these concepts and processes.
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Textbooks published before 1990 are sorted according to the year of publishing, current textbooks are in
alphabetical order.
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Part D) Currently used (published after 1990)
D. I: ISCED 2 - newest editions
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This article analyses the approach taken by five Czech secondary school mathemat-
ics textbooks to selected combinatorial concepts, in order to determine the extent to
which they provide pedagogical support to teachers based on the theory of generic
models, which is a theory of concept development. The analysis of textbooks in re-
lation to this theory focused on the presence and quality of a) isolated models and
non-models of future knowledge, b) prompts to generalise as a prerequisite for the
creation of a generic model, and c¢) the supportive role of graphical representations in
developing combinatorial thinking. Most notably, we identified insufficient motivation
for combinatorial problems, few isolated models of future knowledge, the absence of
explicit prompts to generalise and a consequent lack of a significant concept of iso-
morphism. Despite the research-proven positive influence of the creation of graphical
representations on the development of pupils’ combinatorial thinking, they are rare
in textbook chapters about combinatorics, and lack diversity. With a few exceptions,
textbook authors do not encourage readers to create their own graphical representa-
tions. One textbook stood out in that it frequently prompts the creation of person-
alised representations, works purposefully with isomorphic problems and encourages
the reader to generalise specific procedures.

Clanek analyzuje pifstupy k vybranym kombinatorickym konceptéim v péti éeskych
stfedoskolskych ucebnicich matematiky s cilem zjistit, do jaké miry tyto ucebnice
poskytuji podporu ucitelim pro vyuku zaloZenou na teorii poznévaciho procesu
v matematice. Analyza ucebnic byla vedena na pozadi teorie generickych modeli,
pficemz diraz byl polozen na pfitomnost a kvalitu a) izolovanych modeli a ne-
modeld budouciho poznatku, b) vyzev k zobecniovani jako nutnému pfedpokladu
tvorby generického modelu, ¢) grafickych reprezentaci jako nezbytné podpory rozvoje
kombinatorického uvazovani. Bylo zjisténo, ze ucebnice jsou si v mnoha smérech dosti
podobné, ale v jistych ohledech se odlisuji. V ucebnicich jsme identifikovali mj. ne-
dostate¢nou motivaci pro kombinatoriku, nizky pocet izolovanych model budouciho
poznatku, absenci explicitnich vyzev k zobectiovani a z toho plynouci absenci vyznam-
ného konceptu izomorfismus. Navzdory vyzkumné prokdzanému pozitivnimu vlivu
pritomnosti a vlastni tvorby grafickych reprezentaci na rozvoj zadkovského kombi-
natorického mysleni se v ucebnicich vyskytuji reprezentace zfidka, a navic s malou
rozmanitosti. Autofi ucebnic az na vyjimky nevyzyvaji ¢tendfe k tvorbé vlastnich
grafickych reprezentaci. Od analyzovanych ucebnic se odlisuje jedna, kterda obsahuje
Casté vyzvy k tvorbé vlastnich reprezentaci, pracuje zamérné s izomorfnimi tlohami
a vyzyva Ctenare k zobectiovani konkrétnich postupi.

1 Introduction
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Mathematics can be taught in various ways, but teachers, textbook authors, and researchers in mathe-
matics education agree that the goal is for pupils to have a good understanding of mathematics. Following
Hejny and Kufina (2009), we understand the educational process to consist of individual pupils construct-
ing their own knowledge. Instruction designed according to how mathematics knowledge is built in pupils’
minds is a prerequisite for understanding (Vinner, 2014). Our study is based on the assumption that text-
books can help the teacher to prepare instruction that is aligned with pupils’ conceptual development.
Indeed, textbooks have been shown to be one of the most important determinants in the teaching of
mathematics (Fan, 2013). At the same time, it has been shown that the effect of textbooks on learning
mathematics is mediated through their use in lessons by teachers (e.g., Tarr et al., 2006; Van Steenbrugge
et al., 2013), leading to the question of whether textbooks provide appropriate support for teachers.

We pursue this question on the topic of combinatorics — a part of discrete mathematics that consists
of calculating the selection and arrangement of objects in a finite set. Combinatorics has received atten-
tion since the early days of mathematics education research (e.g., Fischbein & Gazit, 1988; Hejny et al.,
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1990; Kapur, 1970). Combinatorial problems can be used to develop pupils’ ability to make conjectures
and generalise, and thus go beyond the field of mathematics. For example, it has been shown that the
incorporation of combinatorial and logical problems into mathematics lessons enabled pupils to transfer
their experience hereby to biology, physics and chemistry lessons (Stofflett & Baker, 2016). According to
Grimaldi (2003), the ability to divide a problem into subproblems, which provides key insights into combi-
natorial reasoning, is similar to the ability to split a computer algorithm into several components, which
are then “more easily workable programming tasks” (p. 41). Moreover, combinatorial reasoning helps
pupils to grasp many related concepts including isomorphism, relations, or equivalence classes (Kapur,
1970). In short, combinatorics represent an important part of mathematics which merits investigation.

Based on the above, our study aims to determine how selected combinatorial concepts and procedures
are presented in mathematics textbooks, and whether the textbooks support teachers in their effort
to design instruction that is aligned with how pupils acquire combinatorial concepts. The theoretical
background of our study is the theory of generic models (Hejny, 2012), one of concept development
theories that have been created to describe how pupils acquire knowledge in mathematics. According
to this theory, the appropriate motivation is an important pre-requisite of learning in mathematics and
this learning starts with a series of isolated models of future knowledge. Thus, we will investigate how
the content is motivated in the textbooks, and whether they provide a variety of isolated models of
combinatorial concepts which could help pupils to develop a generic model as a precursor to gaining
abstract knowledge with understanding.

Combinatorics provides a space for meaningful problems that can be solved in many ways with
various representational tools, including manipulation (English, 2005). It has been shown that visual
representations are essential to solving combinatorial problems (e.g., Lockwood & Gibson, 2016). Thus,
our second focus is on the way the textbooks we analyse include and promote visual representations to
solve combinatorial problems.

2 Combinatorial concepts and procedures selected for the study

In this section, we describe the concepts and procedures which are essential for the development of
combinatorial thinking and which will be our focus in our analysis of selected textbooks.

The two following rules are at the heart of combinatorial considerations (e.g., Vondrova, 2019).

The Rule of Sum:

If a first task can be performed in m ways, while a second task can be performed in n ways,
and the two tasks cannot be performed simultaneously, then performing either task can be
accomplished in any one of m + n ways. (Grimaldi, 2003, p. 3)

The Rule of Product:

If a procedure can be broken down into first and second stages, and if there are m possible
outcomes for the first stage and if, for each of these outcomes, there are n possible outcomes
for the second stage, then the total procedure can be carried out, in the designated order, in
mn ways. (Grimaldi, 2003, p. 4)

Two of the main combinatorial configurations, namely, k-permutations and combinations, will be
targeted. Any linear organisation of a collection of k objects out of n distinct objects with reference to
order is called an k-permutation. A selection of k objects out of n distinct objects with no reference
to order is called a combination (Grimaldi, 2003, pp. 7, 15). Table 1 shows the properties of these
configurations without repetition. The formulas concern the number of collections and how to select or
order k of n distinct objects.

Tab. 1: k-permutations and combinations without repetition

Order is relevant Type of result Formula
Yes k-permutations Vin,k)=n(n—1)(n—2)-...-(n—k+1) = (nﬁ!k)!
No Combinations C(n,k) = #lk), ="

*(%) is called a combination number.

Visual representations are essential in the teaching of combinatorics (Arcavi, 2003; English, 2005;
Lockwood & Gibson, 2016; Salavatinejad et al., 2021; Uptegrove, 2015; Vondrové, 2019; Zahner & Corter,
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Fig. 1: Six rows of Pascal’s triangle

2010). One such visual representation is Pascal’s triangle, in which the combination numbers are arranged
in the shape of a triangle (Fig. 1).
The numbers in the rows can be generated recursively according to Pascal’s identity

@*(kil) - (Zﬂ) *)

valid for n,k € Ng; n > k.

3 Theoretical framework and literature review

Many factors influence how pupils learn. According to Apple (1986, cited in Fan et al., 2013), it is
the textbook that mainly supports material conditions for teaching and learning and influences how
mathematics is taught by teachers and experienced by pupils. Teachers perceive that their choice of
a textbook has an impact on pupils’ performance (Van Steenbrugge et al., 2013), which also seems to be
supported by research.

District-adopted textbook strongly influences both what and how mathematics is taught to
middle school mathematics students. Coupled with the high frequency of textbook use by
teachers, these data suggest that textbooks likely impact students’ mathematics experience
in important ways. (Tarr et al., 2006, p. 200)

Textbook analysis plays an important role in our understanding of teachers’ lesson design, provided
that researchers go beyond descriptive analysis and comparison (Fan, 2013). Our study is not of a causal
or relational nature; rather, it aims to augment the descriptive analysis by considering whether secondary
school mathematics textbooks provide teachers with sound support when designing instruction that is
aligned with how pupils learn mathematics. To this end, we use a concept development theory which is
widely used in the Czech mathematics education context.

3.1 Theory of generic models as a concept development theory

Since the early days of mathematics education research, researchers have striven to capture how pupils
acquire new knowledge in mathematics (Vinner, 2014) and to apply this knowledge to the design of
instruction aimed at understanding. In this study, we use the Theory of Generic Models (here TGM),
which is a process-object theory'. TGM was developed in the Slovak and Czech contexts and presents
a theoretical model of how pupils appropriate new mathematics knowledge.

Our model of the process of gaining knowledge is based on five stages. It starts with mo-
tivation and has at its core two mental shifts: the first leads from concrete knowledge (iso-
lated models) to generalised knowledge (generic knowledge) and the second from generic to
abstract knowledge. The permanent part of this process of gaining knowledge is that of crys-
tallisation, which involves integrating new knowledge into the already existing mathematical
structure [...] (Hejny, 2012, pp. 44-45)

Hejny (2012, 2014) presents TGM in more detail. Here, we will concentrate on how its elements can
be incorporated into the presentation of content in mathematics textbooks.

1These theories are based on an ongoing feature of learning and doing mathematics, namely processes become objects to
be acted upon by further processes. In this process, the actions do not lose their action quality but rather a dual perception
originates (Mason & Johnston-Wilder, 2005)
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Motivation in textbooks can take the form of motivational texts, historical or real-life or otherwise
attractive contexts, questions and problems stimulating pupils’ curiosity, etc. It should lead to pupils’
active work with the content. An isolated model (IM) is a specific instance of future knowledge. IMs
in textbooks take the form of problems and questions for pupils to solve or answer, which precede the
introduction of abstract knowledge in the form of a mathematical definition or theorem. Hejny (2004)
emphasises that for a good understanding of the subject matter, it is not sufficient to present pupils
with examples (IMs) but also with non-examples (non-models) of future knowledge. The quantity and
quality of IMs impact the opportunities afforded to pupils for dealing with content. Thus, it makes sense
to investigate IMs provided by textbooks.

The process of generalisation leads to the stage of generic models (GMs).

The generic model is created from the community of its isolated models and has two basic
relationships to this community:

1. it denotes both the core of this community and the core of relationships between indi-
vidual models, and

2. it is an example or representative of all its isolated models. (Hejny, 2012, p. 45)

“Finding a common core in seemingly different situations, in other words, seeing what is the same
in given situations” means realising that “they are in a certain sense isomorphic” (Hejny, 2014, p. 151).
This stage is of crucial importance in combinatorics (English, 2005).

However, the process of generalisation cannot be directly observed as it takes place in pupils’ heads.
The generic model cannot be passed on to pupils; the teacher can only assist pupils by providing them
with enough IMs and with enough opportunities to deal with them (Vondrové, 2019). Thus, in textbooks,
this stage of learning is only encouraged in the form of indirect support, such as a task to look for common
features of the IMs or a call to generalise from specific instances. Reaching a stage of GM for combinatorial
problems mainly means that the pupil can identify a common structure of problems, that is, to recognise
that the problems may vary in terms of context but are essentially isomorphic in their mathematical
structure.

The process of abstraction leads to the stage of abstract knowledge. This differs from the stage of
GMs by a change in language which the pupil is able to use while solving the problem (Hejny, 2014).
In textbooks, it takes the form of mathematical definitions, theorems, or formulas, including symbolism,
namely, algebraic language (see the formulas in Table 1).

3.2 \Visual representations

It has been acknowledged that pupils’ learning in mathematics benefits from visual representations (e.g.,
Arcavi, 2003). The development of combinatorial thinking is based on searching for an organisational
principle (Hejny et al., 1990; Vondrova, 2019; Zahner & Corter, 2010), which helps pupils to find all
k-permutations or combinations while avoiding counting some of them more than once. A suitable visual
representation may significantly enhance the pupil’s chances of finding such an organisational principle
and/or its successful enactment in the calculation (e.g., Lockwood & Gibson, 2016). A better under-
standing of combinatorial problems is mediated by visual representation, which reduces the problems’
complexity (Salavatinejad et al., 2021).

On the topic of combinatorics, Salavatinejad et al. (2021) distinguished the following categories of
pupils’ visual representations: trees, Venn diagrams, systematic lists, charts (other than tree graphs), ta-
bles, and figures. There are other types of visual representations, including Pascal’s triangle, and positional
or compartmental schemas. Zahner and Corter (2010) use similar categories for probability problems: pic-
tures, spatial reorganisation of the given information, outcome listings, contingency tables (see Fig. 2),
Venn diagrams, trees, and novel graphical representations.

112|3(4]|5
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Fig. 2: A contingency table as a visual representation (Hejny & Salom, 2017, p. 55)
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Some research attention has been devoted to learner-generated visual representations when solving
combinatorial problems (Hejny et al., 1990; Speiser et al., 2007; Uptegrove, 2015; Zahner & Corter, 2010).
They are used to support both finding a mathematical model for the problem and recording the solution’s
progress and the result.

How secondary school pupils use representations of trees, tables, or arrays when solving problems
in combinatorics has been documented (Fischbein & Gazit, 1988; Hejny et al., 1990; Uptegrove, 2015).
However, after being introduced to combinatorics, the pupils were found to use trees only rarely and to
prefer formulas (Batanero et al., 1997).

English (2005) brings forward a recommendation that pupils need to develop representational fluency,
that is, the ability to work flexibly with different representational forms in combinatorics. Indeed, some
studies document a positive influence of visual representations on pupils’ solutions to combinatorial
problems (Uptegrove, 2015; Zahner & Corter, 2010). For example, the use of systematic lists is positively
correlated with the success of university students in solving problems (Lockwood & Gibson, 2016).

To sum up, the use of visual representations is considered to be essential for the development of
pupils’ combinatorial thinking. Therefore, it seems pertinent to investigate how mathematics textbooks
work with such representations.

3.3 Research questions

The study presented in this paper aims to answer the following research questions:

RQ1: To what extent does the structure and presentation of content in Czech mathematics textbooks
comply with the theory of concept development in mathematics (TGM)?

RQ2: How are visual representations presented and promoted in these textbooks? Is there diversity
among them?

4 Methodology

In this section, the methods used to analyse and compare textbooks are discussed. First, the textbooks
are introduced against the curricular context. Second, the selection of textbooks and the procedures of
their analysis and comparison are described.

4.1 Curricular context

Since 2004, curricular documents have been developed at national and school levels in the Czech Repub-
lic.? The national level, produced by the Ministry of Education, Youth and Sports (MSMT), includes
Framework Educational Programmes (FEPs), which set binding educational norms across various ed-
ucational stages. The school level consists of school educational programmes, which form the basis of
education at individual schools.

According to the FEP for primary schools, pupils aged 12 to 15 are led towards “developing combinato-
rial and logic thinking, to critical reasoning and clear and concise argumentation via solving mathematics
problems” (MSMT, 2017, p. 31) Throughout the document, there is no mention of the propaedeutics of
combinatorics.? The Czech curricular documents do not capitalise on the advantages that combinatorics
bring in terms of pupils’ learning of mathematics (see Section 1).

According to the FEP for secondary grammar schools (pupils aged 15 to 19), the only expected
outcome in the field of combinatorics is that the pupil shall:

Solve real problems with a combinatorial implication (characterise possible cases, form models
using combinatorial groups, and determine their number), utilise combinatorial methods when
calculating probabilities, transform terms with factorials and binomial coefficients. (MSMT,
2016, p. 24)

The specific subject matter prescribed by the FEP consists of elementary combinatorial problems,
k-permutations, permutations, combinations (without repetition), the binomial theorem, and Pascal’s
triangle. As the schools prepare their school educational programmes, they may add other combinatorial
concepts and decide on the depth at which they want to deal with combinatorics. Once the learning
outcomes are put into the school educational programme, they become obligatory for the school.

Secondary school mathematical textbooks in the Czech Republic are usually written in series compris-
ing separate books on particular mathematical topics. The publishers ask the MSMT for official approval;

2https: //eacea.ec.europa.eu/national-policies/eurydice/content /teaching-and-learning-single-structure-education-7_en
3The propaedeutics of combinatorics is strongly recommended by Kapur (1970) or Hejny et al. (1990).
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however, there are also textbooks on the market that have not been approved (and can be used at schools).
It is common that teachers from the school decide on one textbook series they will use. However, indi-
vidual teachers can also use other textbooks or no textbook at all (and give pupils their own compilation
of material). Secondary school pupils have to purchase textbooks according to the recommendations of
their teachers, unlike primary school pupils who are provided with the textbook by the school.

4.2 Data sources

First, we searched secondary school mathematics textbooks (aimed at pupils 15-19) written in Czech and
currently available in the Czech Republic, and selected those containing combinatorics. In this way, we
found four printed textbooks, none of which contain only combinatorics. All the textbooks have chapters
on probability and statistics, too. The data was complemented by an electronic ‘textbook’ written by M.
Krynicky,* as our experience from conferences for teachers and social media shows that many secondary
school teachers use it. Unfortunately, no official information is available showing the number of schools
where the textbooks are used.

Table 2 presents an overview of the textbooks. Each is denoted by a letter (D, F, G, K, P). Textbooks
F and P have an electronic version, which is mostly the same as the printed one and thus, only the printed
ones were analysed. Textbook D is accompanied by a workbook, which was not included in our analysis
as the other textbooks do not have a workbook. Only one of our textbook sample is accompanied by
a teacher’s book.? Krynicky’s texts are noteworthy as they include didactic notes in which the author
summarises his teaching experience with the material and provides readers with pedagogical hints. The
hints can serve a similar function to a teacher’s book.

Tab. 2: Textbooks included in the study

Publisher Textbook title (transl.) Code  Authors, year Printed/ Workbook/
electronic  Teacher book

Didaktis, Matematika pro stfedni skoly D Horensky et al., yes/no yes/yes

spol. s r.o. (Mathematics for secondary schools) 2015

Fraus Matematika s nadhledem F Tlusty, 2020 yes/yes no/no
(Mathematics with a view)

Prometheus, Matematika pro gymnazia G Calda & Dupad, yes/no no/no

spol. s r.o. (Mathematics for grammar schools) 2012

M. Krynicky Matematika SS.realisticky.cz K Krynicky, 2021a, no/yes no/yes
(Mathematics SS.realisticky.cz) 2021b

Prometheus, Matematika pro stfedni skoly P Robova et al., 2013 yes/yes no/no

spol. s r.o0. (Mathematics for secondary schools)

4.3 Data analysis

For this study, we assumed that the authors planned the content to be presented to pupils in the textbook’s
order. Following Fan et al. (2013), we conducted a comparative textbook analysis in which each textbook
was analysed separately, and then the results were compared.

First, we determined the space devoted to combinatorics within the whole series of textbooks.

Second, we considered the number of problems in the chapter on combinatorics. We restricted ourselves
to problems set within a particular context and formulated in words and omitted problems in which
manipulations on expressions were performed or equations and inequalities with factorials or combination
numbers solved. Such problems were considered more important for algebra than for the development of
combinatorial thinking.

Third, we analysed the following for each of the selected concepts and procedures (see Section 2):

e the presence and nature of motivation for combinatorial problems;
e the number and nature of problems that could be considered IMs of future knowledge;

e the elements of the text which could be viewed as prompts to generalise IMs into GM (in other
words, a prompt bringing to pupils’ attention that two or more problems are isomorphic, have the
same inner structure);

e the place and nature of the presentation of knowledge in a symbolic language.

4This is, in fact, a collection of electronic texts written by Martin Krynicky, a secondary grammar schoolteacher who
placed his electronic teaching texts on the website http://www.realisticky.cz. For the sake of brevity, we will refer to it as
a textbook.

5Czech secondary school textbooks are not usually accompanied by a teacher’s books.
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Fourth, we analysed the visual representations present in the textbooks. Each graphical representation
found was categorised according to the classification presented in Section 3.2. Any opportunity for a pupil’s
production of a visual representation was noted. The results for each textbook were put together and
compared. All percentages in the tables below are rounded to one decimal place.

5 Results

First, we present some descriptive results which will be followed by the results pertinent to each of the
research questions. Finally, we present the comparison of content of two editions of one textbook.

According to Table 3, between 2.5% and 3.7% of the number of pages in the entire textbook series
are devoted to combinatorics. It is noteworthy that there are no significant differences even though each
series has a different format. The authors appear to place similar emphasis on combinatorics within the
other secondary school topics.

Tab. 3: The number of pages and the share devoted to combinatorics within the whole series

Number of pages Number of pages
Code in the Wholepseiies devoted to comkI:ingatorics Percentage share
D 1181 29 2.5%
F 1214 38 3.1%
G 1982 73 3.7%
K 593* 19 3.2%
p cannot be 38 cannot be
determined** determined

*For this textbook, the number of lessons is calculated, not the number of pages, as the textbook comprises
individual files, each numbered from page 1.

**At the time of analysis, only five textbooks out of nine had been published.
Table 4 presents the frequency of problems included in the chapters on combinatorics. The majority
of problems are formulated in text, that is, they include some context (often a real-world one) and call

for combinatorial calculations. The rest of the problems concern numerical and algebraic calculations.

Tab. 4: Share of word problems among all the problems in the chapter on combinatorics

Code Number of Number of Percentage of word
all problems word problems problems among all
D 60 31 51.7%
F 81 46 56.8%
G 149 107 71.8%
K 182 118 64.8%
P 119 89 74.8%

5.1 Content presentation and the theory of generic models

Table 5 to Table 7 present results pertinent to the alignment between how the textbooks we analysed
present concepts and procedures and the theory of concept development (TGM). The following indi-
cators were included: the type of motivation, the number of IMs and non-models (the presence of the
mathematics problems presented before the symbolic representation of abstract knowledge, that is, the
definition, theorem or an algebraic formula, usually highlighted by a box), and prompts for search for the
IM identity (as prompts to generalise IMs into a GM).

Tab. 5: The introduction of combinatorial rules of sum and product

Number Number of Prompt to find

Code  Motivation of IMs  non-models IM identity

D tasks, motivational text, history, and applications 2 1 no

F real-life application, figures, games, attractive context of 0 0 no
problems

G history and applications 1 0 no

K attractive context of problems 0 yes

P history and applications 2 0 no
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Tab. 6: The introduction of the concept of k-permutations and their number

Number Number of Prompt to find

Code  Motivation of IMs  non-models IM identity

D motivational text, images, and applications 4 0 no
F real-life application, figures, and game 3 0 no
G real problem 0 0 no
K attractive context of problems 9 0 yes
P None 2 0 no

Tab. 7: The introduction of the concept of combinations

Number Number of Prompt to find Pascal’s

Code  Motivation of IMs  non-models IM identity triangle

D motivational text, figures, and game 1 0 no yes
F attractions, figures, real problems, and the game 1 0 no no
G real problem 1 0 no yes
K attractive context of problems 5 0 yes yes
P None 1 0 no yes

Regarding motivational elements, textbooks F and D contain the most variety in the motivational
techniques they employed. Textbook K exclusively motivates for combinatorics using word problems with
an attractive context; an example is in Fig. 5 below. It seems that when writing the text, the author had
in mind specific classes he had taught, as the problems are often set within the context of a secondary
class and events pertinent to secondary school life. Textbooks G and P motivate the reader through
historical notes or real-life problems (an example is in Fig. 3). However, in textbook P, no motivation is
included for the concepts and procedures.

Original [T ™ a'
hitlerovské Némecko pouzivalo za
2. svétové valky Sifrovaci stroj Enigma,
ktery nastavenim kotouci poskytoval
neuvéfitelnych 10 ™ riznych konfiguraci?

Braillovo slepecké pismo je specialni druh
pisma uréeného pro nevidomé? Vsechny
znaky jsou obdélniky 2 x 3, kde v kazdém
z $esti ¢tvereckl bud' bod je, nebo neni.
Timto zplsobem je mozno zkombinovat
64 riznych znakda.

Translation Did you know that. ..
During World War II, Hitler’s Germany used the Enigma encryption machine, which provided an
incredible 10''* different configurations by adjusting the disks?
Braille is a particular type of writing for the blind? All the characters are 2 x 3 rectangles, where
in each of the six squares, there either is or is not a point. In this way, 64 different characters can
be combined.

Fig. 3: Illustration of motivation by a real-life application in textbook F (Tlusty, 2020, p. 10)

We identified only one non-model for all the concepts and procedures under our scrutiny. After intro-
ducing the rule of sum, the authors explicitly warn that this rule cannot be used in some cases (Fig. 4).
It can function as a prevention of over-generalisation.

The creation of GM is a crucial stage in concept development (Hejng, 2012). The number and nature
of IMs are an important indicator of the textbook’s opportunities for this creation. Table 8 compares the
number of isolated models for the concepts studied and the procedures used in the textbooks. In terms
of the absolute number of IMs, the textbooks are of three types: I. no or one IM, II. two or three IMs,
III. more than three IMs. From Table 8, it is evident that textbook G belongs to type I in all aspects,
textbooks P and F fall into types I and II, textbook D falls into all types, and textbook K is the only
type III textbook.
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Original
V nékterych pripadech vsak pravidlo souctu pouzit nelze.

Z vyplnénych zdravotnich dotazniki vyplynulo, Ze kazdy z dotazovanych mél
nebo mé néjaky zdravotni problém. Celkem 8 osob uvedlo, Ze se jiz podrobilo
alespon jedné operaci v celkové narkéze, 15 osob utrpélo béhem Zivota zlo-
meninu horni nebo dolni konéetiny a 13 osob ma dlouhodobé zvyseny krevni

tlak. Vypocitejte, kolik osob se zti¢astnilo dotaznikového $etfeni.

A = Mnozina osob, které se podrobily operaci.

Al=8

B = Mnozina osob, které utrpély zlomeninu.
Bl =15

C = Mnozina osob trpicich zvy$enym tlakem.

(

1=

13

Vzhledem k tomu, Ze ze zaddni pfimo nevyplyva, Ze jsou kazdé dvé uvedené

mnoziny disjunktni, nelze celkovy pocet dotédzanych osob ur¢it.

Translation In some cases, the rule of sum cannot be used.
The completed health questionnaires showed that each of the respondents had or has a health
problem. A total of 8 people reported having undergone at least one operation under general
anaesthesia, 15 have suffered a fracture of the upper or lower limb, and 13 have had long-term
high blood pressure. Calculate how many people participated in the questionnaire survey.

A =The set of people who have undergone The people can be divided into three sets;
surgery. |A] =8 their numbers of elements are known.

B =The set of people who have suffered We cannot rule out that the person who has
a fracture. |B| =15 undergone surgery has also not suffered

C =The set of people suffering from increased a fracture or is not being treated for high
pressure. [C] = 13 blood pressure. . .

Since it does not directly follow from the assignment that every two mentioned sets are disjunct,
the total number of interviewed persons cannot be determined.

Fig. 4: Illustration of a non-model from textbook D (Horensky et al., 2015, p. 7)

Tab. 8: The number of IMs before the introduction of the symbolic representation

Code Combinatorial rules k-permutations Combinations Total

D 2 4 1 7
F 0 3 1 4
G 1 0 1 2
K 6 9 5 20
P 2 2 1 5
Total 11 18 9 -

Another important indicator of the textbook’s opportunities for creating a GM consists of explicit
prompts to look for the problems’ common structure. Similarly to the presence of non-models, we only
found such prompts in textbook K. An example is in Fig. 5.

Original PF. 1:  Sportovniho turnaje se Gcastni 6 tymu. Kolika zpisoby mohou tyto tymy obsadit
medailova mista v kone¢ném umisténi?
P¥.2: Na maturitnim plese se 10 hlavnich cen v tombole losuje z 250 listku. Kolika
zpusoby muze toto losovani dopadnout?
PF.3:  Na zkouseni jsou pfipraveny dve otazky (otazky nejsou stejné) a studenti jsou
losovani nahodné. Kolika zpusoby muzZe losovani dopadnout, pokud je ve tfidé 31
studenta?
PF.4: Najdi spole¢né rysy viech predchozich prikladu.
Translation Pr. 1: Six teams take part in a sports tournament. How many ways can these teams take
medals in the final standings?
Pr. 2: At the prom, the 10 main prizes in the tombola are drawn from 250 tickets. How many
ways can this draw turn out?
Pr. 3: Two questions are prepared for the exam (they are not the same), and students are
drawn randomly. How many ways can a draw turn out if there are 31 students in a class?
Pr. 4: Find the common features of all the previous problems.

Fig. 5: Illustration of the prompt to search for IM identity from textbook K (Krynicky, 2021a, p. 1)
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Finally, Fig. 6 presents an example of the symbolic representation of abstract knowledge.

Original Translation
. : Let us remember
e:Sst
ZapEmate ; For all integers n, k, 0 < k < n, it is:
n n! _(n\ __ n!
Pro viechna cela n, k, kde 0 < k < n, je: C(n,k) = lk] = _f—k!-(n 7k)! C(n, k) = (k) = Wtk

Fig. 6: Symbolic representation of abstract knowledge from textbook F (Tlusty, 2020, p. 22)

5.2 Visual representations

Table 9 shows the number of visual representations in each textbook and the number of prompts to
make such representations. Textbook D contains the most visual representations, and textbook K the
least. However, the latter contains many more prompts to create representations, compared to the other
textbooks, where these prompts are exceptional. Tab. 10 presents the categories of visual representations.

Tab. 9: The number of visual representations in the textbook and prompts for their creation

Code D F G K P
Number of representations 32 17 29 10 17
Number of calls for representations 1 1 1 10 2

Tab. 10: Categories of visual representations in the textbooks and prompts for their creation

Code  Category  Trees  Charts Venn Systematic  Tables  Figures Other visual Total

diagrams lists representations

D frequency 2 1 1 6 0 8 14 32
prompts 0 0 0 1 0 0 0 1

F frequency 1 2 0 8 0 1 5 17
prompts 0 0 0 1 0 0 0 1

G frequency 0 2 0 11 2 6 8 29
prompts 0 0 0 0 1 0 0 1

K frequency 0 1 0 3 0 3 3 10
prompts 0 0 0 4 0 0 6 10

P frequency 0 1 1 10 0 2 3 17
prompts 0 0 0 1 1 0 0 2

Total 3 7 2 46 4 15 39 -

The most frequently used representation in textbooks G and P (Tab. 10) is a mathematical one
consisting of enumerating elements from the set of letters {a, b, ¢, .. .}. In textbook F, most representations
are also in the form of a statement of results, although in the form of a graphical representation with
arrows, circles, card images, etc. The most common category of representation of spatial reorganisation
in textbook D is a positional diagram.

For all the textbooks, we can order the categories of representations in terms of frequency as follows:
systematic lists (46), other visual representations (39), figures (15), charts (7), tables (4), trees (3) and
Venn diagrams (2).

The textbooks also differ in their graphical design, which directly impacts visual representation. Text-
books G and K hardly ever use colours, and thus schemes and visual representations are less illustrative
(Fig. 7, left). On the other hand, textbooks D and F are the most colourful, which might help pupils to
make better sense of the solution depicted (Fig. 7, right).

|
triclenné variace z prvki a, b, ¢, d i
(a, b, c) l [(a,b,d)| | (a,c, d) (b, c, d) || hér 3 barev Vybarveni vlajek

| (a, e, b)| |(a,d,b (b, d, c) ||

)
‘ ) 1
Gud) |Caal lehd| eoo oo - [
(b, d, a) (e, d, a) (e, d, b) |
| (d, a, b) ) (d, b, (»;;‘ [V(3.4) | 200 PR =6 = zr E: E
(d, b, a) (d, e, a) ’ (d, c, b) | R L | ===}
3 |25 | .%!I\(.i.l)J

S w00 pro=o = [

| (b,a,c)| |
| |

(b, ¢, a)
|
|| (e, a, b) ‘

j (¢, b, a) i

Il — J

’ {oHhiahiet bl o onttdessm sl cedisel | OO P(3)=6 = WU\TDIIW

triclenné kombinace z prvki a, b, ¢, d ‘

3,4) =4 V(3,4) =24

Fig. 7: Systematic lists in black and white, textbook G (Calda & Dupac, 2012, p. 13), in colour, textbook D
(Horensky et al., 2015, p. 25)
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Pascal’s triangle is a particular type of visual representation. It is present in all the textbooks except F
(Tab. 11).

Tab. 11: Number of occurrences of the Pascal triangle scheme in textbooks

Code D F G K P
Number of occurrences of Pascal’s triangle 5 0 4 1 2

All the textbooks introduce Pascal’s triangle in several steps. First, some properties of combination
numbers are summed up, including Pascal’s identity (*), which is called the property of combination
numbers and is always presented symbolically. The above properties are then used to solve some problems,
and it is noted that a specific diagram can be made to depict them (see Fig. 8). The conception of Pascal’s
triangle in textbook G (“These properties of combination numbers can be illustrated in the following
diagram, called Pascal’s triangle.” Calda & Dupa¢, 2012, p. 61) is similar to textbook K’s (“Thanks to
the relations for combination numbers, we can construct an interesting pattern. .. Because it is composed
entirely of combination numbers, it is possible to demonstrate the relations that apply to them.” Krynicky,
2021b, pp. 3, 4). The validity of the properties of combination numbers is only illustrated or demonstrated
in this scheme. Following this scheme, some problems related to Pascal’s triangle and dealing with the
enumeration of a row of Pascal’s triangle, or the sum of several combination numbers are included. Finally,
the textbooks relate Pascal’s triangle to binomial coefficients.

Pascaliiv trojahelnik Pascaltiv trojahelnik
zapsany kombina¢nimi &isly zapsany prirozenymi &isly

n=0 0 1
0

12 1

>z
>4<3>4 13731
<3>5<4>; 14641
> <4> (S> 1510105 1

SRS

Fig. 8: Pascal’s triangles with combination numbers and natural numbers from textbook P (Robova et al.,
2013, p. 82)

An exception to the above is textbook D, which, unlike the other textbooks, contains many challenges
to find different contexts in Pascal’s triangle, e.g., fractals (see Fig. 9).

%

EE K
O
[ TaTeT4T 1]
RERERE A NN
1161512015167 1
1121135 3521 7

|
1
285670756281 8 |
36] 84 [126]126] 8436 9 ]
107 45 [120[210[252]210[120] 45 [707 1 |
11155 11651330]462{462{330{165] 55 [ 111 1

[
1
|

b ot

1112 ] 66 [220[495[792]924]792[495[220[ 66 [ 12] 1

1113 1781286(715]...|...f...]...[715]286] 78] 131 1
119409 1364] ... [o .. [E0]. 00T, [364] 914 1]
[ TasTrosqass]. . T-..1.. T T...T...T...T...T455[105[ 15] 1]

Fig. 9: Illustration of fractals included in Pascal’s triangle from textbook D (Horesky et al., 2015, p. 32)
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5.3 Two editions of one textbook

The first edition of textbook G was published in 1993, while the latest (fifth) is from 2012. The authors
remained the same. We analysed both editions to see what changes had been made in the editions nearly
20 years apart, and found that they were almost the same. Only minor differences were found in the
solved problems and the explanatory text. Seven new problems were added, but they deal exclusively
with algebraic modifications of expressions, which contain combinatorial concepts including factorial or
combination numbers. This type of solved problems was almost absent from the first edition, although
unsolved problems with these concepts were included. These differences in the explanatory text are also
present in the notes. In the fifth edition, two notes were added, which provide the reader with instructions
on how to a) deal with combination number calculations, b) why the problem of placing identical objects
in compartments can be likened to combinations with repetition.

6 Discussion

All the textbooks we analysed, except for textbook F, in which Pascal’s triangle and the binomial theorem
are absent, comply with the Czech national curricular material. They fulfil the outputs of the FEP and
in many ways exceed them (textbooks G, K, D).

Recall that we conducted our analysis from the position that the presentation of combinatorial con-
cepts and procedures complying with the theory of concept development in mathematics will enhance the
possibility that teaching with such a textbook will lead to pupils learning the content with understanding.

6.1 The presentation of content in terms of concept development in mathematics

There is very little difference in how the textbooks approach the combinatorial rules (of sum and product)
and the combinatorial categories (k-permutations, combinations) in terms of the prominence they are
given. They are presented in the same way and summarised in the same graphical way (enclosed in boxes
as in Fig. 6).

As for the first stage of learning, motivation, we found that while all the textbooks contained some
motivational elements, they differed in their diversity. Some of the textbooks provide teachers with more
support in motivating pupils towards this subject matter than the others.

Studies show that pupils have difficulty in identifying related problem structures (e.g., English, 2005),
and thus their “ability to transfer their learning to new combinatorial situations is limited” (p. 135).
To transfer their learning to new situations, pupils should be presented with enough isolated models to
create a GM before being introduced to an abstract definition, theorem or formula. Such recommendations
are common in combinatorics. For example, Lockwood and Gibson (2016) highlight the importance of
the systematic list strategy and recommend that pupils are given enough problems that are solvable
with this strategy and are led to look for the organisational principle before being introduced to the
combinatorial formulas. Uptegrove (2015) describes how pupils can develop their combinatorial thinking
and reach the stage of abstract knowledge by solving concrete combinatorial problems and considering
their isomorphism.

Given the above, we focused on the number of IMs, non-models and prompts to generalise in the
textbooks. The results for the number of IMs varied across both textbooks and concepts and procedures.
It is natural, for example, that if the k-permutations are introduced before combinations, the number of
IMs is large for the former. However, the textbooks differed vastly in terms of the total number of IMs for
combinatorial rules, k-permutations, and combinations. Textbook G, with only 2 IMs, and textbook K,
with 20 IMs, are on opposite poles. The situation is similar in the presence of non-models and prompts
for generalisation. Both were found in textbook K and absent in the other textbooks (except for one
non-model in textbook D).

The absence of non-models might have a serious consequence of over-generalisation, to which pupils
might be prone if introduced to models only. Provided that the concepts of k-permutations and combina-
tions are grounded in the isomorphism of concrete situations (English, 2005; Hejny, 2014; Kapur, 1970),
it seems worrying that except for textbook K, the textbooks do not capitalise on this isomorphism. Of
course, the other textbooks state directly or implicitly that some problems have the structure of, for ex-
ample, combinations, but do not specifically ask pupils to look for this common structure. Such a prompt
would foster independent thinking in combinatorics (English, 2005). The prompts for such a generalisa-
tion in the textbook might help the teacher (or pupils) see its importance. Except for textbook K, the
other textbooks emphasise the end product (mathematics procedures and concepts presented via rules
and definitions) at the expense of the process of reaching this end product. The teachers are expected to
make the didactic reconstruction of these procedures and concepts themselves.
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6.2 Visual representations

The importance of visual representation for solving combinatorial problems is generally acknowledged
(e.g., English, 2005; Hejny et al., 1990; Lockwood & Gibson, 2016; Uptegrove, 2015; Vondrova, 2019;
Zahner & Corter, 2010) as it provides support for the solution, visualises an organisational principle
upon which this solution rests, or helps to communicate the solving strategy or the result of the solution.
We focused on the presence and diversity of visual representations and on prompts for pupils to create
such representations in the textbooks. Such prompts may be a way to support pupils’ metacognition.

The diversity of visual representations in the textbooks varies from textbook D (the most diverse)
to K (the least). While one textbook (K) includes several prompts for pupils to create their representa-
tions, such prompts are rare in the other textbooks. Neither textbook includes any suggestion to make
representations in the form of a tree, chart, Venn diagram, or figure. It seems a paradox to us that the
tree and table are the least used representations in the textbooks, although they are the recommended
tools through which data can be clarified and visualised (e.g., Lockwood & Gibson, 2016).

It also transpired that some representations which appear to be natural and are known from the litera-
ture (Zahner & Corter, 2010) do not appear in the analysed textbooks at all, namely, a contingency table
or problems solvable on grid paper. In the Czech context, such representations are widely used in a series
of primary school textbooks (e.g., Hejny & Salom, 2017) in which the propaedeutics of combinatorics is
carefully developed. Fig. 10 gives an example.

Orlglnal Kolik rovnoramennych trojihelnikd ABC lze najit na tomto étverci, kdyz body B a C jsou dva miiZové body na hranici ¢tverce (bod B ani

bod C nelezi uvnitf ctverce).

A A° A At A At A A

Translation How many isosceles triangles ABC can be found on this square if points B and C' are two lattice
points on the boundary of the square (neither point B nor point C' lies inside the square).

Fig. 10: Illustration of visual representation on a grid paper (Hejny et al., 2017, p. 39)

Pascal’s triangle is a specific type of visual representation. The four textbooks that introduce Pascal’s
triangle also include Pascal’s identity (*). However, Pascal’s triangle is only presented to illustrate or
demonstrate the previously introduced properties of combination numbers. Moreover, contrary to what
is required by TGM, the potential IMs of this equality are always provided only after its symbolic
presentation (and in some cases, after its proof). Thus, these instances cannot be considered IMs but
rather concrete examples of the symbolic form of Pascal’s identity.

Uptegrove’s (2015) longitudinal study might offer inspiration for an opposite approach to the intro-
duction of Pascal’s triangle and Pascal’s identity (*). The pupils in the study discovered an abstract
piece of knowledge (*) based on the study of two combinatorial problems, the discovery of isomorphism
and investigating the structure of Pascal’s triangle. Thus, the introduction of Pascal’s triangle can come
before Pascal’s identity (*).

7 Conclusions, limitations, and further work

Textbooks are an essential part of mathematics lessons and their content might provide teachers with
important support when designing such lessons that have good potential to lead to learning the content
with understanding. This study found that none of the five Czech textbooks on combinatorics we analysed
can be seen as fully supportive. Textbooks K and D differ the most in terms of teacher support. A teacher
using the former will receive ample support in teaching in compliance with TGM, that is, instruction fo-
cused on generalising and abstracting as the essential processes in mathematics (Vinner, 2014). A teacher
using the latter might be directed towards using more formal teaching methods (from the definition to its
examples). Note that we are not claiming that using a specific textbook will necessarily lead to just one
way of teaching (and pupils’ learning). Instead, we refer to how the textbook may or may not support
the teacher in their quest to teach in a certain way.

Our analysis against the theoretical background of TGM helped to reveal insufficiencies in the presen-
tation of content in the textbooks that would otherwise remain hidden, the most important of which s are
the insufficient motivation of individual concepts, the low number of IMs, or the absence of non-models.
With one exception, the textbooks do not lead pupils to search for isomorphisms of IMs or encourage
them to generalise. Let us emphasise again that these processes are essential for the creation of sound
abstract knowledge (Hejny, 2012; Vinner, 2014). We also identified a low number and variety of visual
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representations, and very few prompts to visualise in the textbooks. This can impede the quality of teach-
ing, as the textbooks do not alert the teacher to the fact that visual representations are a crucial means
for solving combinatorial problems (Lockwood & Gibson, 2016; Salavatinejad et al., 2021; Uptegrove,
2015).

The results summarised above may provide a starting point for other investigations. For example, we
could focus on how the analysed textbooks are actually used in the lessons by both teachers and pupils.
Is our assumption that the textbook influences how teachers design their instruction valid? Are teachers
aware of the fact that the textbook, for example, does not sufficiently promote visual representations and
do they lead their pupils to such representations? Such matters warrant more research.

Our results might assist the authors of teaching texts on combinatorics. Finally, the methodology
used in the study (namely, the use of TGM) could help researchers wishing to investigate textbooks from
other topics.

The results of our study have limitations. The first lies in the selection of textbooks. We could augment
the study by analysing textbooks on combinatorics from abroad and by textbooks for the primary school,
which should ideally include the propaedeutics of combinatorics (see, e.g., Hejny & Salom, 2017).

The division of visual representations into categories represents another limitation, as other cate-
gorisations could be used (Corter & Zahner, 2007) or more specific subcategories elaborated. However,
considering that the number of visual representations was relatively low, we doubt that this would bring
noteworthy results.

We have used one specific theory of concept development to augment descriptive results. It might
be worthwhile to complement our analysis with a different theory as a background. We could also focus
on some more specific suggestions for teaching combinatorics (such as the problem-posing opportunities
suggested by English, 2005) and whether and how they are projected in the textbooks.
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Textbooks as a prominent product of educational content’s didactical transformation Key words:

are usually published as a series. Textbooks are often accompanied by workbooks and science education, lower
teacher’s books. These publications are designed to support teacher’s work and can secondary school,
have a significant impact on the teaching practice. To deepen the understanding of curriculum.
chemical education at lower-secondary schools, the goal was to map chemistry teach-

ers’ use of workbooks and teacher’s books. An electronic questionnaire containing

close-ended questions as well as scales was used for this purpose. Information about

workbooks and teacher’s books’ use, frequency of use, perceived importance and pur-

pose were gathered. Whereas 63% of the 387 respondents reported using workbooks

they consider important for the quality of education, teacher’s books are only used

by 24% of teachers, with only 4% reporting their frequent use. The results indicate

that workbooks are mostly used during chemistry lessons or for student homework,

however a significant share of teachers mentioned using them for lesson preparation.

The absence of a teacher’s book, coupled with the teachers’ reluctance to use them

even when available, also pointed to their approach to teaching preparation based on  Received 3/2021
the search for educational content and specific activities rather than methodological = Revised 5/2021

support in a broader sense. Accepted 6/2021
Ucebnice jakozto vyznamna pomtcka predstavujici didaktickou transformaci vzdéla- Kli¢ova slova:

vaciho obsahu jsou obvykle vydavany v sadach. Casto jsou doplniovany pracovnimi pfirodovédné vzdé&lavanti,
seSity nebo metodickymi pfiruckami pro ucitele. Tyto publikace jsou zpracovany tak, zakladni gkola,

aby podporovaly praci ucitele a mohou tak mit vyznamny vliv na pedagogickou praxi. kurikulum.

Pro prohloubeni porozuméni chemickému vzdélavani na zakladnich skolach bylo cilem

zmapovat vyuzivani pracovnich sesiti a metodickych ptirucek z pohledu uciteli. K to-

muto ucelu byl vyuzit dotaznik v elektronické formé obsahujici uzaviené otazky a

hodnotici $kély. Byly shromazdény informace o vyuzivani pracovnach sesit a metod-

ickych prirucek, cetnosti jejich vyuzivani, vnimané vyznamnosti a ucelu pouzivani.

Zatimco 63 % z 387 respondentti uvedlo pouzivani pracovniho sesSitu a povazuji ho

za dilezity pro kvalitu vyuky, vyuzivani metodickych pfirucek uvedlo pouze 24 %

ucitelt, pfidemz 4 % uvedla Casté vyuzivani. Vysledky ukézaly, ze pracovni sesity

jsou nejvice vyuzivany béhem vyuky nebo pro domaci pripravu zakl, nicméné vyz-

namny podil uciteli uvedl také vyuzivani k pfipravé vyuky. Absence metodickych

pfiruéek, potazmo neochota uditeldi je vyuzivat v ptipadé, ze dostupné jsou, ukazuje  Zasldno 3/2021
také na jejich pristup k pfipravé vyuky zalozené spiSe na hledani vzdélavaciho obsahu  Revidovéno 5/2021
a konkrétnich aktivit spise nez metodické podpory v SirSim smyslu. Pfijato 6/2021

1 Introduction and theoretical background

The presented research directly follows its authors’ previous work in the field of lower-secondary school
chemistry textbook research. It is led by the presumption that knowledge of teachers’ textbooks use sheds
more light on the implemented curriculum. As far as research on textbooks is concerned, several authors’
research worldwide surprisingly brings similar results. Teachers use textbooks as a primary source of
instruction (Mullis et al., 2012). When preparing for their lessons, they consult textbooks as the primary
source of information (Johansson, 2006; Sikorova, 2005). Whereas Sikorova (2010) reported over 30% of
teachers using more than one textbook, Vojif and Rusek (2021) found over 80% use even more textbooks.
This could be explained by the teachers considering textbooks a convenient source of the materials they
seek, nevertheless, Bakken (2019) found that some consider textbooks obligatory. This can even escalate
to teachers feeling stressed and obliged to cover everything the textbook contains in their lesson (Perkkil,
2002). In this case, textbooks structured according to a certain time frame, not according to topic needs,
could further exacerbate this effect. More research of the textbooks’ didactical equipment (Rusek et al.,
2020) is therefore needed.
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With this strong position textbooks hold, their content, or more precisely, the way their content is
didactically elaborated, affects the implemented curriculum’s quality. Sikorovéa (2010 found that 26% of
teachers followed textbooks systematically, with only 55% changing the way topics were presented in
their own lesson preparations. Vojif and Rusek (2021) proved that this approach is not influenced by the
length of teachers’ practice. Li (2013) as well as Orafi and Borg (2009) offered an explanation by arguing
it is a combination of teachers’ lack of confidence, experience or subject knowledge which makes them rely
on textbooks this much. Borg (2015) even indicated this to be the reason lecturing, i.e. a teacher-centred
approach based merely on a teacher’s subject-matter presentation to students, is the prevalent method
in contemporary education.

However, it is not only subject-matter teachers seek inspiration from. Lepik et al. (2015) and (Sikorova,
2005) found that teachers also seek methods to use in their lessons. As most textbooks are taken up
with the explanatory texts (Cervenkova, 2010; Vojii & Rusek, 2021), this could also be the reason for
the prevailing transmissive teaching style. It is partly logical as textbooks are supposed to present the
subject-matter, however, as shown in the paragraphs above, teachers prefer doing the reading themselves
and then having the lecture.

In their previous study, Vojif and Rusek (2021) discussed whether textbooks show teachers the trend
or the other way round, teachers choose textbooks which fit their teaching style. One way or another,
textbooks provide additional materials for teachers. It is a more detailed description of the course, ad-
ditional didactical suggestions, and theoretical background knowledge (Steenbrugge et al., 2013). As far
as the textbook components with the potential to activate students are concerned, workbooks as well as
teachers’ books need to be taken into account.

1.1 Use of workbooks and teacher’s books

In spite of researchers’ interest in science textbooks growing (Vojif & Rusek, 2019b), information about
other printed parts of textbook sets are rather fragmentary. Teachers’ books are supposed to be structured
in a way that guides the teacher through lessons planning towards educational goals. Researchers’ interest
was therefore targeted at particular teacher’s book development with respect to their concrete focus
(e.g. Fadilla & Usmeldi, 2020; Suhandi & Samsudin, 2019). Kendedes and Ratnawulan (2020) stressed
specifical demands put on the teacher’s books in the context of science education’s conceptual change.
Their role within changing state-driven educational goals was also stressed by Bayindir (2010). They gain
significance as long as teachers see the proposed activities as the grounds of the intended curriculum
(cf. Bayindir, 2010). Nevertheless, teacher’s book’s perception from only the expected activities’ point of
view could also lead to them being negatively assessed by teachers, as shown by (Giiven, 2010): teachers
criticised namely the activities’ time-demandingness and teaching examples’ attractiveness.

One of the variables, as far as workbooks are concerned, is their price. Compared to textbooks,
they usually cannot be used repeatedly by several students. Mathematics workbook’s efficiency was
evaluated by Fleisch et al. (2011). Their research was built on the premise new(er) math workbooks
developers aim at reducing wasted instructional time and the teacher’s role associated with them writing
the instructions on the board. In their research, they compared lessons where only a mathematics textbook
was used with lessons where a textbook set (textbook + workbook) were used. The results showed no
difference between the students’ improvement in either of the groups. Erol’s (2017) research on 7}
graders on a social studies course in Turkey argued otherwise. Their research is interesting in particular
compared with the Czech environment as it describes a shift in teaching conception at the exact time
a new curriculum was introduced in Czechia. It represented a shift from an autocratic perspective of
teacher-centred conception in which students were only passive receivers of information to a teacher-
guided, student-centred constructive learning environment. Despite the author’s positive assessment of the
textbook and workbooks’ use in education, the study showed over 75% of students considered a workbook
a type of textbook. The reason was its use mostly just for students’ home preparation, which made them
use these materials unwillingly, not considering them an activating agent in education. Some teachers
were even found to use the workbook exercises to grade the students, they used photocopies of different
student-activating sources from different materials during their lessons.

A very special version of workbook was introduced by (Nainggolan et al., 2020) who used design-
based research methods to prepare a student support for laboratory courses. Their work represents an
example of a STEM-oriented goal employing an inquiry-based approach into students’ work. In the Czech
conditions, this can be parallel to Fiala’s Inquiry-diary (see Fiala & Honskusova, 2020).
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1.2 Czech perspective

The textbook tradition is very strong in Czechia. Primary and lower-secondary schools are obliged to
provide every pupil or student with textbooks. Nevertheless, purchasing workbooks or teacher’s books
remains on each school’s choice. Schools receive special funding for textbooks which are granted a so-called
approval clause (a special certificate by the Ministry of Education which confirms the books’ suitability for
use in education, according to the curriculum, methods, ergonomic, etc.). A concrete textbook’s choice is
fully in schools’ competence. Schools are also allowed to use textbooks which do not dispose of the clause,
however, this possibility is being chosen only seldom. Most commonly, there are four sets of textbooks
used in lower-secondary schools — see Tab. 1 (Vojif & Rusek, 2021).

Tab. 1: The list of commonly used textbooks

Textbook title Published* Authors Publisher Reference
in the text

Zéklady chemie 1; 2 1993 Benes, P., Pumpr, V., Praha: Fortuna ZCH
[Basics of chemistry 1; 2] Banyr, J.
Zéklady praktické chemie 1; 2 1999, 2000 Benes, P., Pumpr, V., Praha: Fortuna PCH
[Basics of practical chemistry 1; 2] Banyr, J.
Chemie 8; 9 [Chemistry 8; 9 2006, 2007 Skoda, J., Doulik, P. Plzen: Fraus FR
Chemie 8; 9 [Chemistry 8; 9 2010, 2011 Mach, J., Pluckova, I., Brno: Nova skola NS

Sibor, J.

*Years of first publishing; the two records relate to the two books for 8th and 9th grade.

All the commonly used textbooks dispose of the approval clause. However, there are considerable
differences in their elaboration. The textbooks ZCH and PCH were published within the previous cur-
riculum. On the other hand, the textbooks FR and NS were published after the contemporary curriculum
was approved which is also mirrored in their overall graphical design (Vojif & Rusek, 2020). As far as
the content’s structure is concerned, the textbooks FR differ from the others as they do not follow the
traditional consequence of chemistry topics (general chemistry, inorganic chemistry, organic chemistry,
and biochemistry).

Teachers are rather satisfied with the textbooks they use. They consider them important for lesson
preparation. The textbook set teachers expressed the highest satisfaction with are the NS textbooks, i.e.
modern-looking textbooks following a traditional subject-matter’s structure (Vojif & Rusek, 2021).

The obligation for schools to provide students with textbooks does not concern workbooks and schools
receive no funding primarily for their purchase. The other components of textbook sets (workbooks
and teacher’s books) are not available for every textbook set (the publication of materials depends on
commercial publishers). The commonly used textbook sets, see Tab. 1, are accompanied by workbooks.
Teacher’s books, however, are available only for the PCH and FR textbooks.

2 Research goals

This research focused on understanding the way chemistry textbook projects are used in Czech lower-
secondary schools. As the use of textbooks has already been covered (Vojif & Rusek, 2021), attention
was paid to the other printed materials that are part of the textbook projects.

With respect to previous research in this field, the following research questions were used:

1. What proportion of lower-secondary school teachers use workbooks and teacher’s books for chem-
istry education?

2. How often do teachers use workbooks and teacher’s books and how important they consider them
for the quality of chemistry education?

3. For what purposes do teachers use workbooks in chemistry education?

3 Methodology

In order to answer the research questions and generalise the findings on the whole lower-secondary
school chemistry teachers in Czechia, quantitative methods based on a questionnaire were used. The
data were gathered from September to November 2018 on a randomly selected sample of lower-secondary
school chemistry teachers. The data were analysed descriptively. Also, an explorative data analysis using
datamining was used.
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3.1 Research tool

An online version of a questionnaire was used. Its content validity was checked, and the tool was piloted
(Vojif & Rusek, 2019a). It consisted mainly of close-ended questions divided into the following categories:

e respondents’ characteristics,

e the textbooks that are lent to students and used for teachers’ preparation for teaching,
e textbook choice,

e teachers’ satisfaction with the textbook,

e the perceived textbook importance for lesson preparation,

e using of workbook and teachers’ book,

e perceived importance of workbook and teachers’ book for quality of chemistry education and the
purposes of the workbook’s use.

Satisfaction, frequency of textbook use and their perceived importance, workbook or teachers’ book
were assessed using five-point Likert scales where only the limiting points (1, 5) were verbalised (1 —
completely satisfied to 5 — completely dissatisfied; 1 — very significant to 5 — completely insignificant; 1 —
I use very often (practically in every hour/preparation) up to 5 — not using). The method of workbook
use was examined with the use of close-ended questions with options. The teachers explained their use of
workbooks and teacher’s books for lesson preparation, lesson realisation, with respect to their students’
home preparations, as well as extension activities for individual students.

3.2 Research sample

The research sample selection emerged from the total number of lower-secondary schools in Czechia in
2017/2018 (MSMT, 2018a). A minimum sample calculated on the 95% significance level was calculated
using the Raosoft minimum-sample calculator (raosoft.com). The ratio of schools with lower-secondary
level to the entire number of schools was considered. Moreover, the sample was extended due to the
expected one third response-rate of online surveys (cf. Nulty, 2008). The schools were randomly chosen
from the Czech Ministry of Education’s school address book (MSMT, 2018b). In the end, 1536 schools
were addressed via email sent to these schools’ headmasters. An explanation of the research’s purpose,
instructions and a link to the online questionnaire were included.

This resulted in the final sum of 387 teachers from 370 schools filling in the questionnaire. The 41%
response rate of schools relevant for the research was calculated. As the number of participating schools
exceeded the minimum sample, and they were selected randomly, the findings are considered generalisable
to all lower-secondary schools in Czechia. As the previous research showed, there is only one chemistry
teacher at 69% and two teachers at 22% of lower-secondary schools (Vojif & Rusek, 2021), the results are
also generalisable to the entire lower-secondary chemistry teacher population in Czechia. Moreover, as
similar findings or trends were noted in papers from different countries, the results’ international validity
is also considerable.

3.3 Data analysis

An exploratory data analysis was performed using datamining. For this purpose, CRISP-DM methodology
(Chapman et al., 2000) was followed (see Fig. 1). This methodology’s principle builds on an analytical
procedure’s tasks’ repeated entry and meaningful relations’ evaluations being discovered.

Based on an initial understanding of the data and their specifics, their evaluation was prepared,
i.e. grouping and entries’ adjustments for computer evaluation. In the modelling phase, the implication
relations which fulfil certain statistical measures were searched for in the data. These data rules can be
described in an IF-THEN rules (antecedent = consequent) form (Fiirnkranz & Kliegr, 2015, p. 55).

To analyse the data, a datamining tool, Easyminer, using the R-framework principle (Vojif et al.,
2018) was utilised. To evaluate the discovered data rules, the confidence, support and lift values were
evaluated. Support indicates the frequency of an itemset’s appearance in the dataset. Confidence shows
how often a rule was found true. Lift shows the measure of an attribute’s dependence. A lift > 1 confirms
an implications’ truth (Hahsler et al., 2005). Firstly, the search procedures minimum values were set as
follows: confidence = 0.7, support = 0.05 and lift minimum value = 1.1. For interpretation’s sake, a rule
length limit was set to three variables.
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Fig. 1: Procedure of CRISP-DM

Within the modelling phase, interestingness with regards to the field of science education was evaluated
for the discovered rules. Interesting rules were added into the final ruleset and interpreted later in other
findings’ context. In the following step, the mining procedure was in accordance with the methodology
repeated with variables and rule parameters being changed in the modelling phase. The cycle of the
procedure was repeated until no new rules were found.

4 Results and discussion

For transparency’s sake, the results are further divided into workbooks and teacher’s books parts.

4.1 Use of workbooks

The majority of the teachers (63%) answered that they use workbooks. 12% of the teachers admitted
not using workbooks as they are not at their disposal or are unavailable for the textbook they use.
25% mentioned they do not use workbooks because they do not want it or do not need it (see Fig. 2).
Altogether, the teachers rated the frequency of their workbook use in the middle of the scale (Med = 3).
26% mentioned they use workbooks often or very often. At the same time, the teachers who use workbooks
consider them rather important for the quality of chemistry education (Med = 2).

YeS [ —

No, it is not available IR —

No, I do not want to use it

0% 10% 20% 30% 40% 50% 60% 70%

[ teacher’s book B workbook

Fig. 2: Proportions of teachers using workbooks and teachers’ books

These results showed the majority of the chemistry teachers consider the students’ own activity
when planning their lessons. This is a promising aspect towards students’ scientific literacy development
(Janouskové et al., 2019). Yet, a considerable amount of teachers showed in their teaching approach
a strong teacher-driven transfer of information predominates (Vojit & Rusek, 2021).

The results further showed workbooks are being used in all aspects of the educational process. The
most frequent is their use directly during lessons (81%). 59% of the teachers use workbook tasks as
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extension activities, i.e. individualisation of education. On top of that, 40% of the teachers mentioned
using workbook tasks for student preparation. The workbooks’ influence on (chemistry) education was
also shown as 28% of the teachers mentioned using them for their lesson preparation. This points to their
well-considered inclusion in student-activating elements of their lessons.

This finding points to a considerable share of teachers’ who use the entire textbook set’s components
to enrich their teaching by using material compatible with the conception of the textbook(s) they use. As
this conception manifests mostly via a transfer of chemistry content knowledge (Vojif & Rusek, 2020),
using a workbook during lessons suggests these teachers’ attention to knowledge fixation.

The teachers’ attitude towards the entire textbook set proved to be an important factor. Teachers
who are satisfied with the textbook they use are also more likely to use the workbook (¢ = 0.687,
s =0.460, [ = 1.099). Similarly, teachers who chose the textbooks themselves are also more likely to use
the workbooks (¢ = 0.706, s = .297, [ = 1.128). This implication further increases if teachers chose the
textbook set themselves and, at the same time, consider the textbook important for lesson preparation
(¢ =0.805,s =0.171,1 = 1.287). Similarly, teachers’ satisfaction with the textbook plays a vital role. The
teachers who chose the textbook set themselves and, at the same time, are satisfied with the textbook
are more likely to use the workbook (¢ = 0.725, s = 0.258, | = 1.159).

These findings suggest a promising approach which could lead to chemistry teaching innovations. Hav-
ing the opportunity to select a textbook they consider high-quality can identify with (cf. Laws & Horsley,
1992), and considering new teaching materials would also contain workbooks, seems to be a key towards
teachers use of tasks.

Textbooks were found to play an important role in lesson preparation for the majority of teachers
(Vojif & Rusek, 2021). The results showed that a considerable proportion of teachers also prepare for their
lessons using workbooks. Teachers’ perceived importance of the textbook for lesson preparation seems to
affect their use of the workbook. If teachers consider textbooks important for lesson preparation, they
are more likely to use workbooks (¢ = 0.712, s = 0.339, [ = 1.139). This result showed that the teachers
who seek support in textbooks also consult workbooks as another material when preparing their lessons.

This link is strengthened for teachers who consider textbooks important for lesson preparation. More
than 76% of the teachers who are satisfied with their textbooks use workbooks (s = .276, [ = 1.222). The
perceived importance of textbook for lesson preparation positively affects the use of workbook for almost
74% of the teachers with more than 10 year teaching practice (s = 0.248, [ = 1.181). This finding could
be explained by the experienced teachers’ full exploitation of an offered textbook set.

The fact that the use of workbooks is especially frequent for the teachers who use the NS chemistry
textbook set to prepare for education, further underlines the aforementioned findings. In this result,
the teachers’ highest satisfaction with this particular textbook set (Vojif & Rusek, 2021) is reflected.
Compared to the users of FR (52%, s = 0.109), ZCH (59%, s = 0.165), PCH (62%, s = 0.109), almost
74% of the teachers who use the NS chemistry textbooks also use workbooks (s = 0.282, 1 = 1.139). The
lift values for other textbooks than those by NS are below 1 which suggests a below-average frequency for
the implication validity. The lowest share of teachers was satisfied with the FR textbook (Vojii & Rusek,
2021), which is again mirrored in their lowest use of the workbook. The more frequent use of workbooks
is therefore likely to be associated with the overall perception of the textbook set, i.e. the extent to which
a textbook project resonates with the teachers’ conception of teaching. Teachers refusing a textbook
set could then lead to them searching for alternative materials (cf. Laws & Horsley, 1992), including,
e.g. an alternative workbook as expressed by the research’s respondent: “The textbook ZCH does not
contain enough subject-matter for practice. For this reason, I rather use the workbook by Taktik which
contains many tasks and tips for a concrete subject-matter’s mastery.” This citation strongly suggests
this teacher’s teaching conception — attention to lower-order thinking and subject matter transfer —
a phenomenon observed in a significant group of teachers.

A significant lift of a relation was found for teachers who studied a non-chemical educational program.
If these teachers are satisfied with their textbook, they are likely to use the workbook too (¢ = 0.77,
s = 0.067, I = 1.223). Moreover, this association rule applies for 70% of these teachers whose teaching
practice is longer than 10 years (s = 0.072, [ = 1.119). This finding suggests that workbooks support the
teachers with a degree from another field of education than chemistry. They have educational know-how
and are probably aware of the need to use activating techniques. They may feel insecure as far as the
chemistry content knowledge, and its evaluation, is concerned. This idea can be further explored. In
a period of a lack of (chemistry) teachers, when chemistry is being taught by people who did not study
a chemistry education, it seems reasonable to consider workbooks a significant teacher support. They
have not been, however, given attention in contemporary science education textbook research yet (Vojif
& Rusek, 2019b).
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4.2 Use of teacher’s books

Whereas most teachers use workbooks along with the textbook, teachers’ books are being used only
seldom (see Fig. 2). The results showed teacher’s books are being used by only 24% of teachers. This is
influenced by the teacher’s books availability only for textbook sets PCH and FR. This state is undesirable
as Heinonen (2005) found out teachers books are considered helpful by Finnish teachers, which either
suggests their conception fits the teachers better, or the teachers seek methodical guidance instead of just
structuring their lessons around subject-matter. Among Czech teachers, 39% of the respondents reported
they either do not want to use a teacher’s book nor do they need it. An additional 37% of the respondents
mentioned its absence or unavailability as the reason for not using it.

Unwillingness to use a teacher’s book was found to be more frequent for teachers who consider text-
books unimportant for their lesson preparation. Almost 62% of them claimed that they do not use the
teacher’s book because they do not want or do not need it (s = 0.067, [ = 1.608). Similarly, 67% of
the most experienced teachers in the sample (more than 10 years of teaching practice) chose this option
(s = 0.052,1 = 1.732). These teachers seem to be confident of their own experience and lesson preparation
and do not feel the need for textbook support. With respect to the finding that the length of teaching
practice does not significantly affect teachers’ use of textbooks (Vojif & Rusek, 2021), this finding shows
that Czech chemistry teachers feel confident about their ability to prepare lessons only according to the
textbook. This attitude was proven to strengthen with the increasing length of practice. However, this
finding is in contrast with Finnish teachers, who express their satisfaction with the support provided by
teacher’s books (Heinonen, 2005).

The teachers’ responses suggested the role of a teacher’s book is being substituted by a textbook or
a combination of textbooks. The teachers who mentioned they use a teacher’s book consider it neither
important nor unimportant for quality of chemistry education (Med = 3). They responded in the same
way (Med = 3) about the frequency of a teacher’s book’s use. Only 4% mentioned they use it often or very
often showing the marginality of this textbook set’s element as far as its impact on teaching practice is
concerned. This result then proves the majority of publishing houses’ resolution not to publish teacher’s
books. From a didactical point of view, however, by excluding these, especially novice teachers’ transfer
into practice is made more difficult.

These findings only strengthen the conclusion that textbooks play an important role when teachers
prepare their lessons (Vojif & Rusek, 2021). This role is, however, not as expected — incorporating
a textbook part into lesson instruction, but rather teachers drawing lesson structure, content, or even
didactical transformation (order and method of teaching) of concepts from the textbooks. In this way,
textbooks take over the role of teacher’s books, despite the fact that their primary function targets a very
different audience.

One finding seems to explain this state. Teacher’s books are used by the teachers who use the chemistry
textbooks by the FR publishing house (¢ = 0.636, s = 0.127, [ = 2.648). This factor is even stronger
with teachers who consider the use of a textbook important for lesson preparation (¢ = 0.8, s = 0.072,
[ = 3.329) or are satisfied with the textbooks (¢ = 0.765, s = 0.067, [ = 3.182). This suggests a close link
between the teachers’ chemistry teaching conception and the elaboration of the chemistry textbook set.
Also, the quality of the teacher’s book could be mirrored in this finding.

Teachers’ appreciation for textbook sets was shown not to be affected by the fact whether it con-
tains a teacher’s book or not. Although the textbooks by NS or ZCH do not dispose of teacher’s books,
the teachers expressed their satisfaction with them (Vojif & Rusek, 2021). Out of these teachers, 43%
(equally for both textbooks’ users), expressed they do not want or do not need to use a teacher’s
book. The textbooks seem to fulfil their needs. However, considering the fact textbooks are origi-
nally a material designed for students, the results the structure and content suits teachers suggest
students were not considered to be the primary recipients of these textbooks. This is in accordance
with the results of textbooks’ text-difficulty which showed text being too difficult, especially in these
textbooks (Rusek et al., 2016; Rusek & Vojif, 2019). Another explanation could be the teachers’ expe-
rience and ability to construct lessons simply based on the lesson conception as suggested by textbook
authors.

Although there is a teacher’s book available for the PCH textbooks, teachers using them do not use
the teacher’s book (¢ = 0.469, s = 0.078, I = 1.217). The teachers who provide this textbook to their
students and are satisfied with it especially responded that they do not want to use the teacher’s book
(¢ = 0.625, s = 0.065, I = 1.623). A possible explanation is in its didactical equipment (Rusek et al.,
2020) as well as an overall elaboration derived from the earlier-published ZCH textbooks by the same
authors (Vojif & Rusek, 2020). Teachers’ attitude towards the use of PCH and ZCH textbooks is then
similar. There was no demand for a teacher’s book by the ZCH users, therefore, also PCH users do not
consider it important.
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These findings point to the FR textbooks’ rare standing. In this respect, two possible explanations
come into question. First, the textbooks’ unique conception probably required explanation. Second, at
the time of their publishing, these textbooks represented a significant change and a positive deviation
from a traditional chemistry textbook style (see Vojit & Rusek, 2020). They might have been an option
for innovative teachers seeking an alternative. Using a teacher’s book explaining the ideas of the new
conceptions in this case then seems logical.

Moreover, as the only one from the frequently used chemistry textbook series, it seems to keep the
concept of student’s “(text) book”, whereas the others seem to aim at teachers too, possibly combining
two different target groups’ needs. In this respect, the use of a textbook series seems to reflect teachers’
way of teaching and is an important indicator for lesson conception mapping.

5 Research limitations

The results of this research offer a deeper look into teachers’ conception of education. One of potential
limitations is in the sample selection. In spite of its size and randomised selection, online distribution
via school headteachers could have resulted in less active or considerate teachers’ absence in the sample.
This frequent limitation is, however, reduced by the sample size.

Another possible limitation is the fact that only teachers’ opinions were considered. Though teachers
reveal a lot when talking about particular textbook set parts, their conception, perceived importance,
(non)use, etc., only lesson observations and an analysis of their lesson preparation would bring a complete
picture. Naturally, research of this scale requires a much larger project. However, it is the authors’
intention to proceed in this direction too.

6 Conclusion

In this paper, attention was given to the missing piece of textbook sets — workbooks ad teacher’s
books. Workbooks accompany every Czech chemistry textbook contemporarily commonly used in lower-
secondary schools. However, teacher’s books are available only for two of the textbook sets. Compared
to textbooks, these materials have not been given much attention by researchers. Teachers’ conception
of lesson preparation and realisation shows their perceived curriculum, which can then be compared to
contemporary teaching paradigms. It is through knowledge about these textbook sets’ parts a clearer
picture about education can be drawn.

Unlike textbooks, workbooks are not provided to lower-secondary students by schools, and they have
to purchase them in case their teacher requires this material, yet this research showed the majority of
teachers use workbooks, with only about a fourth mentioning they would not like to use them.

Workbooks are being used for various purposes. Individual work in the lessons (subject-matter fix-
ation) and homework suggest themselves. The biggest proportion of the research sample mentioned the
workbook’s use directly in lesson realisation. However, a considerable share of teachers consults work-
books when preparing for their lessons, which suggests their promising inclination towards activity-based
teaching. Teachers’ use of workbook depends mainly on their perception of the textbook set as a whole.
Their identification with the teaching paradigm the textbook follows affects the use significantly too.

As opposed to this, teacher’s books stay behind. The majority of chemistry teachers do not use them
and/or do not want to. The research results suggest textbooks take over the teacher’s books role in some
cases. This claim was earlier confirmed in other research by Vojif and Rusek (2021), who found that
teachers even combine more textbooks to prepare for their lessons. Understandably, some teachers draw
the subject-matter content, tasks, fun facts, pictures, etc. from their textbooks. Nevertheless, this only
shows their conception of teaching builds mainly on the subject-matter and does not need methodical
suggestions as far as the content’s didactical transformation or methods are concerned.

Apart from the information about the use of another textbook sets’ components, the possibility to
use a data mining procedure was tested in this research. It is common e. g. in sociology or marketing,
whereas (science) education research has typically used only classical statistical hypotheses testing. The
used CRISP-DM methodology offers other hypotheses’ evaluation and could, in many ways, expand
contemporary knowledge in areas researchers would overlook.
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The Use of Eye-tracking in Science Textbook Analysis: A Literature
Review

Pouziti eye-trackingu v analyze ucebnic pro prirodovédné predméty: prehledova
studie
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Contemporarily available technology has provided researchers with quite an accessible Key words:
method to see through students’ eyes. This offers researchers the chance to re-evaluate textbooks, eye-tracking,
teaching materials in terms of their potential function, one that has been largely science education,
overlooked. This study presents a literature review drawing on science textbooks that literature review.
use the eye-tracking method. Relevant journal articles or conference papers indexed in

the Web of Science and Scopus databases were selected. From the original 112 papers,

18 were submitted to a thorough analysis after duplicate papers and papers not

conforming to the topic were excluded. The studies’ characteristics, topics (influence

of textbook design on student learning, distribution of attention, textbook effect etc.)

and used methods (the device and measurement, additional methods, methodological

issues) are included in the review. (Novice) science education researchers, state officers

responsible for textbook evaluation, textbook authors and even teachers can profit = Received 3/2021
from this overview, as it clearly indicates the state of the art as well as potential  Revised 5/2021
research directions. Accepted 6/2021

Aktuélné dostupna technologie poskytla vyzkumniktim metodu, jak vidét o¢ima zakt Kli¢ova slova:

a studentti. To nabizi moznost prehodnotit potencidlni funkci vyukovych materiala ucebnice, eye-tracking,
z jejich dosud skrytého thlu pohledu. V této studii je prezentovana literarni reSerSe prirodovédné vzdélavani,
vyzkumu v oblasti ucebnic pro pfirodovédné predméty pomoci metody sledovani literarni reerge.
pohybu oéi (eye-trackingu). Do studie byly zahrnuty relevantni ¢lanky z Casopisi

nebo konferen¢nich sbornikt indexovanych v databdzich Web of Science a Scopus.

Po odstranéni duplicitnich zdznami a ¢lankd nevyhovujicich zkoumanému tématu,

bylo z pavodnich 112 praci 18 podrobeno dikladné analyze. Do pfehledu publiko-

vanych studii je zahrnuta jejich charakteristika, témata (vliv zpracovani uéebnice na

uceni zadka a studentt, rozlozeni pozornosti zaku a studenti, vliv formatu prezen-

tace ucebnice atd.) a pouzité metody (zafizeni a metriky, dalsi metody nebo metod-

ické otazky). Piispévek ukazuje soucasny stav zkoumané problematiky a naznacuje

potencialni sméry vyzkumu. Je tak urcen vyzkumnikim v oblasti pfirodovédného

vzdélavani (véetné téch zaéinajicich), stdtnim Gfedniktim odpovédnym za hodnoceni  Zasldno 3/2021
ucebnic, autorim uéebnic nebo dokonce ucitelim stojicim pfed vybérem novych uéeb-  Revidovéno 5/2021
nic. Pfijato 6/2021

1 Introduction

Research on science textbooks has been growing in recent years (Vojif & Rusek, 2019), gradually bringing
more information about their unique standing in education. One group of research focused on the way
textbooks are being perceived or the purpose of their use in education (Cervenkova, 2010; Lepik et al.,
2015; Mullis et al., 2012; Sikorovéa, 2010; Vojif & Rusek, 2021). Another group of research focused on the
textbook content. Naturally, the ideas, concepts and/or their correctness were evaluated (e.g. Baptista et
al., 2016; Gegios et al., 2017; Osterlund et al., 2010). Within this group, textbooks’ structural components
(Rusek et al., 2020) or text-difficulty (e.g. Rusek et al., 2016; Smidl, 2013) were analysed.
Contemporarily, more and more available new technology enabled, almost literally, researchers to see
the books through students’ eyes. Former endeavours to provide teachers with a rubric helpful for an
informed textbook choice (e.g. Knecht & Weinhofer, 2006; Sikorova, 2007; van den Ham & Heinze, 2018)
can thus be enhanced. Eye-tracking cameras or goggles are the cutting-edge gadgets in this respect. They
offer a closer look into how textbook components are perceived with the use of more complicated and
time-consuming methods, such as the already mentioned text-difficulty based on counting words and
distinguishing terms (e.g. Rusek & Vojif, 2019), categorizing visual components (e.g. Papageorgiou et
al., 2017; van Eijck et al., 2011) or assessing visual components in relation to the text (e.g. Slough et al.,
2010). Eye-tracking (ET) technology allows for students’ eye-movement investigation including e.g. them
looking at a textbook page. ET data visualisation includes e.g. scanpaths, or heat maps, the data can
also be represented quantitatively, for example time fixation duration, mean fixation duration, fixation
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or saccade count. These measures are often detected in specific areas — identified prior to the research or
after it according to research results (Lai et al., 2013).

In textbook research, this offers analysis of general layout, its overall ergonomics, different graphical
components’ fitness and function (Do students use particular textbook components as expected? Are
contemporary textbooks useful for students?), or students’ independent work with the textbook text (Do
they read the entire paragraphs or skip them? Is the text structured enough? Do the included elements
guide students when working with the book?). These can be summed up as testing whether the prepared,
didactically transformed units suit the target group representatives.

2 Methodology
2.1 Aim

The aim of this review was to map trends in research focused on the use of the eye-tracking method in
science textbooks’ analysis. For this purpose, a literature review was performed. The following categories
commonly used in corresponding reviews (e.g. Lai et al., 2013; Teo et al., 2014; Vojif & Rusek, 2019)
were identified:

e publication characteristics (continent, locality, authors, publication year)
e research characteristics (subject, topic, aim, results)

e methodological information (used device, sample size, reasons for excluding some participants, ad-
ditional methods).

2.2 Procedure

With respect to paper quality, only papers published in journals and conference proceedings indexed on
the Web of Science or SCOPUS databases were chosen for the review.

The search was realised with the use of the following keywords (TS! = eyetracking or “eye tracking”
OR eye-tracking OR “eye gaze tracking” OR “eye-gaze tracking” OR “eye-based gaze tracking” OR
“eyegaze tracking” OR “eye -movement” OR “eye movement” AND TS = textbook*) AND LANGUAGE:
(English) AND DOCUMENT TYPES: (Article OR Early Access OR Proceedings Paper OR Review), in
all WoS core collection databases and the SCOPUS database.

The assortment of articles followed the standard process of screening, identification, and eligibility
assessment. Fig. 1 shows PRISMA flow diagram edited according to (Moher et al., 2009), including the
numbers of all identified and discarded papers.

First, the papers’ records including abstracts were exported to MS Excel. Next, duplications within
papers indexed in both databases were eliminated. All records’ abstracts were read to evaluate their suit-
ability according to the previous criteria. Only papers corresponding to the review’s topic were included
for the full-text evaluation. Some papers were excluded based on the use of different methodology than
eye-tracking or a different aim than science textbooks (1).

Information regarding the categories defined in the aim above were noted for each of the papers.

3 Results and discussion

A total of 18 studies using eye-tracking in science textbook research were identified. Although it is not
as many as studies used ET in education in general (Lai et al., 2013) or in science education (Jarodzka
et al., 2017), ET proved to be a promising asset in textbook evaluation too. With the trend of science
education research focusing also on textbook research (Vojif & Rusek, 2019), an increase in this area is
expected. With respect to novice researchers in the field, this review then could serve as a basepoint.

3.1 Study characteristics

The number of papers which matched the research criteria does not, yet, follow a clear trend (see Tab. 1).
Nevertheless, considering the time of the last database check, there still could be papers published in
2020 not yet indexed on the Web of Science, therefore not found on the search.

Tab. 1: Number of papers published in years

YEAR 1999 2013 2014 2015 2016 2017 2018 2019 2020
PAPERS PUBLISHED 1 1 3 1 3 2 3 3 1

1Topic, or abstract or keywords.
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Fig. 1: PRISMA flow diagram describing the papers’ selection for the analysis

The gap between the first and second published paper is surprising. Hannus and Hy6né (1999) have
shown a very progressive approach to textbook research, which in 1999 already used ET to examine
students’ work with textbooks. The researchers investigated a still current problem of students’ attention
distribution between text and images. However, the gap between the first and second paper is surprising.
This could be due to the insufficient technology at that time.

Since 2013, science textbook research using eye-tracking has been published every year. Although the
search was updated to March 2021, only one research study on textbooks was identified in 2020. Given
the trends of previous years, the reason may be due to the coronavirus pandemic and distance learning,
in which students (research participants) were not personally present at schools and other institutions
(Viner et al., 2020).

As far as its geographical use is concerned, eye-tracking has been used in textbook research mostly in
Europe (12 studies), led by Germany (8), followed by the Czech Republic (2) and Finland (2). In Asia,
three studies of such focus were identified in Taiwan, Korea and Qatar. In Africa there were two studies
- both located in South Africa. There was another done in Australia.

From the level of education’s point of view, the research focused on all levels (see Fig. 2). Research
mostly focused on participants’ comparisons. This included studies comparing student performance on
related educational levels, e.g. lower and upper-secondary (Schnotz et al., 2014), but also completely
different participant groups, e.g. elementary school students and adults (Jian, 2016; Kaakinen et al.,
2015). A specific study in this category is represented by research focused on graduated respondents
(Drexler et al., 2019). This study analysed teachers’ reading textbooks. The specificity lies in the fact
they use textbooks for a different purpose than students.

The studies used samples from 8 to 204 participants. The median was 20. The lower number of
participants can be justified by the time-consuming nature of the research, which is often supplemented
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Graduated University Upper Lower Elementary Comparison/mix
seconndary secondary school
school school

Fig. 2: Number of papers on different school level

by additional methods (e.g. interviews, questionnaires or tests (Gelderblom et al., 1993a; Kaakinen et al.,
2015; Lim et al., 2014). On the contrary, studies using data from a higher number of participants work
only with the eye-tracker data, analysing them quantitatively only (Schnotz et al., 2014).

Regarding scientific disciplines, eye-tracking for textbook analysis has not been used equally within
science education (Fig. 3). The research on physics textbooks showed more focused attention by Ishimaru
et al. (2016; 2017). The body of research grouped under the Science category included, besides science,
also research integrating more school subjects (e.g. biology and geography). The Other category included
research focused on an unspecified subject or research aimed at a platform or format (e.g. printed or
digital) more than on subject-matter (Johnston & Ferguson, 2020; Johnston et al., 2016).

M Physics

M Biology
M Science
¥ Geography
M Chemistry

M Other

Fig. 3: Shares of studies focused on different science fields

3.2 Topics

The research studies were divided into five topics according to their focus. Analysed studies mostly focused
on the image’s presence (see Fig. 4). The study showed that the distribution of attention to individual
parts (image and text) is influenced by many factors, including motivation, students’ level (ability, age,
type of education) (Hannus & Hyon, 1999; Ishimaru et al., 2016; Schnotz & Wagner, 2018) and picture
location (Drexler et al., 2019).

M Attention distribution

M Platform's effect

I Textbook design
New ways of analysis

B Textbook usability research

Fig. 4: Distributions of textbook analysis foci
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Moreover, eye-tracking data proved to be a valuable source of information about the effect of a used
platform (printed, electronic, tablet, iPad etc.). Also, its importance proved the effect of textbook design
(Kaakinen et al., 2015; Richter & Scheiter, 2019). The review also identified studies focused on new ways
of analysis (Ishimaru & Dengel, 2017; Ishimaru et al., 2017) and also usability research (Gelderblom et
al., 2019).

3.2.1 Textbook design

This type of research can bring the interested closer to an ideal textbook design. The influence of text
processing has been investigated in chemistry and science textbooks for several years now. Richter and
Scheiter (2019) analysed the different reading behaviour according to the presence of multimedia inte-
gration signals (MIS). They compared MIS +, a chapter which contained colour coding according to the
picture, and MIS — chapter, including only text signals, e.g. bold face, headings or labels in the picture.
Its use regarding eye-movements and previous knowledge was analysed. The results showed that MIS +
improved the performance of students with low prior knowledge, also their visual behaviour changed.
These students looked at the pictures earlier and started to read text later when MIS were present, while
the high prior knowledge students’ outcomes and eye-movements were not affected by MIS. Moreover,
these students-perceived cognitive load increased when MIS were present.

Another part of the research focused on textbook design considered the form of chapter titles. In
their study on reading tasks’ influence on readers’ eye-movements, Kaakinen et al. (2015) looked at title
design’s effect. They compared the difference between the title designed as a question or a statement.
The results showed that questions such as “Why are forests important?” maintained readers’ coherence
better than titles such as “Importance of forests”.

When encountering the question-design title, older students and adults went back in the text and
formed concepts integrating information from the text. This minor change then seems to improve the
reading approach, increasing the texts’ educational effect even for inexperienced readers. On the contrary,
the question-design forced the youngest pupils (elementary school) to concentrate more on the first visit
(measured as their focus on the area of interest) to the text.

3.2.2 Image’s presence

Research so far showed that students’ use of textbook images was not as apparent as expected. Eye-
movement measurement can clarify the difficulties of linking images and text. This was shown in research
study on geography textbooks (Behnke, 2014). The heatmaps and scanpaths showed students mostly
focused on the text in comparison to images while reading five textbook spreads.

The students’ use of images turned out to be influenced by various factors. One of them is motivation.
Lim et al. (2014) found that more motivated students spent the same amount of time (measured as
time fixation duration) on the text and images. On the other hand, the less motivated preferred passive
text reading and did not integrate the pictures in them. The reason could be found in their anxiety and
demotivation

Another factor affecting students use of the textbook and its effect on students’ learning proved to
be their level — age, the already mentioned ability, or type of education. Research study on 10-year-old
students (Hannus & Hyoni, 1999) showed the students with high intellectual ability were more strategic
during textbook reading. They spent more time on the text as well as illustrations compared to the low
intellectual ability students. Also, they did more back-and forth transitions. The ability to transition
between individual textbook parts (text and image) also proved to be important in other studies. Jian
(2016) compared adults’ and 4*® graders’ reading behaviours. Whereas adult readers switched between
text and illustration often, 4*" graders transited in the text or illustration area, but rarely between text
and illustrations.

Similar results were obtained in biological textbook research. Hochpochler et al. (2013) investigated
strategies students used while dealing with text and graphics to integrate these two sources of information
to answer questions. The strategies were analysed using time fixation duration in text and picture. The
results showed the text and images are associated with different student strategies. Texts are used in
a coherence-formation strategy. Graphics are used on demand (information-selection strategy). The level
of education proved to be an important factor in the use of these components as well. Students from higher
track schools looked at the pictures when dealing with more difficult questions. They used the picture
as scaffolding. On the other hand, lower track students looked at the picture even for the initial mental
model construction but did not use them intensively afterwards. The attention to text and image with
students at different levels of education was also studied by Schnotz and Wagner (2018) in biological and
geographical textbook research. Senior students gathered more relevant information from pictures more
easily (probably due to their higher intelligence. Besides the number of fixations, numbers of saccades
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between AOIs were analysed. The senior students switched more often between picture and text. These
findings contradict the study in physics textbook by Ishimaru et al. (2016), who found that experts looked
at graphics less compared to the novice and intermediate.

These results also showed the importance of an analysed phase. The high-attention parts were almost
the same for the novice, intermediates and experts during the reading phase, the solving phase made
a difference between these levels.

Moreover, the results revealed another factor that affects textbook text and image processing. It is
“when”, i.e. particular phases of students’ reading focused on different areas. With the students’ fixations
and saccades (transitions between text, picture and item) analysis, the use of text-image proved to be
asymmetrical depending on the reading phase (Schnotz et al., 2014). The percentage of text—picture
transitions decreased from the first phase to the last, whereas the percentage of picture—item transitions
increased. According to this finding, texts showed to provide conceptual guidance, while images served
as external cognitive tools used when needed (e.g. in the question part of the textbook). In their further
research study, Schnotz and Wagner (2018) also confirmed that students focused on the image only during
the second viewing, where the number of picture fixations was higher than the in-text fixations. Also, the
between picture and item transitions were higher than between the text and item. Even in this study, the
educational level proved to have an influence, as this characteristics are more valid for more competent
learners.

The location of the image also showed to be a significant factor. While teachers were reading the
textbook, they tended to skip the images. This was probably caused by their educational level, on which
the pictures are no longer needed to understand the topic. When the textbook design was atypical
(compared to classic textbooks), teachers paid the most attention to the central area of the textbook,
even if there was a picture (Drexler et al., 2019).

Research on physics textbooks also showed students read the text from the beginning to the end.
However, when there is a picture on the page, they looked at it, no matter where it was placed (Drexler
et al., 2018). Students also read the image captions after observing the image (they found out what they
had seen right after). This natural strategy can cause misunderstanding and should be included either
into their instruction or be treated in the books’ design.

As far as particular parts of a chapter are concerned, attention was paid mostly to the chapter’s
introduction and gradually decreased (Drexler et al., 2019). This calls for the use of special elements.
Explaining new subject-matter was proven to have increased readers’ attention even in the middle of the
chapter (Drexler et al., 2018).

3.2.3 Platform’s effect

The platform through which the textbook is presented also plays an important role. Beelders and du
Plessis (2018) investigated IT students’ reading according to the used presentation medium (Kindle,
tablet, iPad, PC, paper). The results showed students read faster when reading on an iPad, which the
students also indicated as the most pleasing to use for reading. The results showed paper was the least
popular medium in this respect. On the other hand, students had to return to the textbook more on
this device. From students’ comprehension and concentration’s point of view, a PC proved to be the best
option, as they did not return to clarify the introduced concepts, as well as the fixations were longer
and more numerous. These results, however, need to be read considering the students’ specialization.
Used to mostly working on a screen, this could have biased the result. For example (Johnston et al.,
2016) and later Johnston and Ferguson (2020) found opposing results of students’ preferences. For this
reason, the topic of a medium needs to be considered with discretion. In studies students’ scanpaths
were analysed. Results showed students (among others also science students) skimmed and flipped more
often and concentrated less on digital textbooks than traditional ones. They also made less notes and
underlining than they did in printed versions. Students themselves also confirmed they learned best from
a printed text.

3.2.4 Textbook usability research

Another aspect studied using ET in this respect by Gelderblom et al. (2019) was students’ habit of
working with an e-textbook. They analysed the problems students faced when using an e-textbook. The
study compared students who used this textbook for one year with those who used it for the first time.
Authors analysed students’ gazepaths in a qualitative way to understand problems they faced while
working with an e-textbook (scrolling pages, long searching for functionalities, e.g. searching box, etc.).
The results showed some problems (e.g. finding the table of contents, creating a summary or highlighting)
that arose regardless of the students group. The interviews also revealed the students emphasized the
role of teachers in their ability to use the functionalities of these textbooks.
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3.2.5 New ways of analysis

The use of eye-tracking in science textbook research, in comparison with the above-mentioned “classics”,
opened new ways of analysing or using gained information. Some papers included in this review bring
a promising future to this method’s use. Ishimaru et al. (2017) investigated the possibility of nasal
temperature recording and its correlation with student concentration. The results showed potential for
this method in students’ work with a textbook. However, nose temperature change required a longer
time, which could be the limit of its use. To use and process more data together, Ishimaru and Dengel
(2017) and Ishimaru et al. (2017) proposed a system which can record natural eye-movements and convert
them into valuable data. The data can be used in HyperMind — a system of customizable textbooks. It
is built on a system recognizing the students’ cognitive state through sensors (including eye-movement
monitoring). According to the students’ actual attention, the scope and layout of the textbook can change,
a static text can be replaced by a video or representations can be changed according to a reader’s age.
This should improve student motivation and understanding by increasing the time they work with it.
This, obviously, is an advantage over static textbooks.

3.3 Used methods

To address the second goal of this study, technical information was gathered to provide readers with an
overview of the state of the art.

3.3.1 Eye-tracking device and used measurement

Most of the research used an eye-tracking device mounted on a PC or tablet that allowed for free head
movement. The most used devices? were Eye Link (6), Tobii (6), SMI (5) and Applied Science Laboratories
Model (1). The last one is especially interesting, as it was a model from 1994. In addition, four studies
used eye-tracking glasses (Tobii or its combination with SMI). This allowed researchers to work with real
(printed) textbooks, which at the same time brings methodological issues (see the chapter below).

Standard eye-tracking metrics were used in the analysed research. The researchers used fixation (count,
mean, duration, frequency), saccades (mean, order, count), as well as less common metrics, such as pupil
diameter. The Areas of Interest (AOI) were determined for individual stimuli. The quantities mentioned
were related to individual AOIs then. Also, other metrics, such as visit count, or time to first visit
of a particular AOI, were used. These quantities helped to determine when and to what extent the
participants devoted their attention to individual parts of the textbook, therefore when a learning occasion
occurred.

3.3.2 Additional methods

Eye-tracking allows where the participant looked to be observed but does not provide any information
about why they looked there (Ishimaru & Dengel, 2017). This is why ET studies are often (all but three
in this review) supplemented by additional methods. The most common method was a questionnaire (7).
These were used to determine students’ motivation or preferences. Tests (5) related to reading skills or
intelligence (including spatial) were another additional method. Interviews were held in three cases. As
mentioned above, a thermal camera was used in one study. Other devices in combination with ET were
also used in other research besides textbook research (Cortes et al., 2018).

3.3.3 Methodological issues

The use of eye-tracking in research brings the undeniable benefits of seeing what research participants
see. Nevertheless, the method is not universal, and several problems arise when using this method. First,
most students with normal to corrected-to-normal vision problems can be tested with satisfactory results.
Second, exclusion due to poor or unsuccessful device calibration (Jian, 2016; Kaakinen et al., 2015; Schnotz
et al., 2014), quality of recorded data (Johnston & Ferguson, 2020; Richter & Scheiter, 2019) or incomplete
or “dishonest” participants’ work (Ishimaru et al., 2016) were faced. The number of excluded participants
varied from 0 to 19 (med = 2). The authors themselves mentioned the research sample (size or selection)
as a limit in their studies (Lim et al., 2014; Schnotz et al., 2014) which shows areas which should be
addressed in the future. Third, a problem may occur when textbooks in real conditions (printed) are
analysed. For this purpose, eye-tracking glasses are necessary. As experienced by Ishimaru et al. (2016)
in a group of younger research participants, unused to the glasses, they often touched them which led to
the accuracy loss.

2Some studies used multiple devices, so the numbers exceed the number of the analysed research papers.
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4 Discussion

Five general topics emerged from the studies included in this review. As one of the selection criteria was the
use of eye-tracking, focusing on the visual elements in textbook which are necessary for science education
(Eilam & Gilbert, 2014) was natural. The most research attention was paid to the presence of images.
Their presence in the text is usually considered beneficial for reader understanding (Carney & Levin,
2002). In addition, teachers were found to choose new textbooks based on their graphical shape (Vojif
& Rusek, 2021) which even increases relevance of this study area. Science disciplines use (graphical)
representations of three types: macro-, micro- and symbolic (compare the evolution of the “chemistry
triplet” in: Gabel, 1993; Johnstone, 1991; Taber, 2013; Talanquer, 2011) which carry the content/subject-
matter. The problems with using images, found in above-mentioned studies, may therefore affect student’s
learning. In a positive way it offers i.e. showing multiple representations or promote students’ learning of
abstract topics. On the contrary, it can aggravate learning by increasing the cognitive load, distracting
learners or simply (in case of less competent or novice readers) by confusing them. As shown in several
studies in this review, motivation, level, quality of such graphics, its location in the text or even time of its
appearance were studied. A special guidance could be provided to learners by their teacher in this matter.
However, if textbooks were designed in an evidence-based manner, i.e. respecting corresponding research
results, the textbook’s structural components could be linked in a way which would support young readers
to do the necessary transitions. Naturally, e-books or even adaptable e-books (e.g. Ishimaru & Dengel,
2017) could have this potential.

In contrast to the very traditional conception of Czech lower-secondary textbooks (Vojif & Rusek,
2020) and their almost uniform component content (Rusek et al., 2020), these results could represent
valuable evidence when new textbooks are prepared. Analysed studies showed, the use of MIS can improve
low-prior knowledge students’ performance.

With regards to the known textbooks’ role in education in many countries (e.g. Lepik et al., 2015;
Mullis et al., 2012; Vojif & Rusek, 2021), this research seems to be a source of valuable remedy for
students’ learning results (Richter & Scheiter, 2019).

Apart from the presence of signals, another textbook design principle — the form of title — was studied.
The question-designed title proved to enhance participants’ understanding leading to a higher amount
of back and forth eye-movements. This is usually a more experienced readers’ characteristic (Jian & Ko,
2017), however, chances are this could work for other readers too eventually. To illustrate the current
state, when Czech chemistry textbooks are evaluated in this criterium, the majority use traditional
headings. Only one textbook series (Bene$ et al., 1993a, 1993b) used questions in their main chapters’
titles. Considering the fact the subchapters — particular lessons’ titles are not formulated as questions,
the effect found by Kaakinen et al. (2015) does not apply here either. Nonetheless, it can be considered
a signal for teachers how to present their lessons goal, even what to write on the board at the beginning
of a lesson.

With the increased use of e-books, the effect of a platform or format is currently also a hot research
topic. Due to recently increased integration of digital technologies into teaching and households, digital
materials gained on their importance (Scully et al., 2021). An attention to this learning materials area was
paid even in studies which did not use an eye-tracker (e.g. Ross et al., 2017), nevertheless, eye-tracking data
represent a valuable asset providing more detailed information about students’ learning behaviour when
using a learning material. Gelderblom et al.’s (2019) study showed paper was the least popular medium
for students used to working with a computer. With ever developing technology, pandemics-forced shift
to online teaching as well as increasingly more available technology such as tablets with stylus pens,
e-textbook might soon take over. One way or another, for the time being, students’ preferences need to
be considered. Research shows most students still prefer traditional, printed textbooks (e.g. Johnston
& Ferguson, 2020; Millar & Schrier, 2015).

These information help textbook authors, publishers, education researchers and mainly educators to
better understand the functions of textbook together with their adoption. With expected more infor-
mation from proliferating eye-tracking research, data could help both structure new and use existing
textbooks in a way more suited to learners’ needs.

5 Summary

In this study, research on science textbooks supported by eye-tracking was reviewed. The number of
studies has been rising. It is therefore possible to assume more information to guide a more effective
textbook use as well as development will soon be available.

The results showed there are many areas in which ET is used in textbook analysis. Mostly, distribution
of attention between text and image was investigated. The results showed there are many factors influenc-
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ing participants’ attention to the text or images. These were: motivation, level, or reading phase. Also,
the analysed studies discussed the textbook design. Research showed different title or chapter elaboration
influenced student work. With respect to the platform on which the textbook was presented, students
seemed to prefer printed textbooks to the digital, except for IT students used to digital resources. To
evaluate the use of an e-book, usability research was found. The review also revealed promising innovative
ways of analysis using ET. This could be used e.g. in designing an “intelligent” /adaptive textbook.

In this study, novice researchers find an overview of the state of the art and can get a head start.
A strong message is being delivered to the state offices responsible for textbooks — their development or
quality evaluation: there is an emerging, rapidly developing method which could be a gamechanger in
this field. It should be supported on a national level so there would be a research group able to assist
textbook authors evaluate their new books. Naturally, there are more ways to produce modern textbooks,
nevertheless, there has never been such an opportunity to tune textbooks to their users’ needs.

The authors of this review are aware of several limitations. First, the lower sample of analysed papers
included in this study. Review paper samples are usually greater, but a standard methodology was used
which resulted with this number of relevant studies. Second, eye-tracking measurements of any other
material but textbooks provide similar results as the studies’ participants’ eye-gaze is not textbook-
specific. Nevertheless, as textbooks hold a unique role within education tools, and as they have the
potential to be the key agent in the contemporary endeavours to put students in the centre of education
by diminishing the teacher’s role, well-designed, evidence-based textbooks need to be produced.
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