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Children’s reading performances in illustrated science texts:
comprehension, eye movements, and interpretation of arrow
symbols
Chao-Jung Wu , Chia-Yu Liu , Chung-Hsuan Yang and Chen-Ying Wu

Department of Educational Psychology and Counseling/Institute for Research Excellence in Learning
Sciences, National Taiwan Normal University, Taipei, Taiwan

ABSTRACT
The study aims to explore the effect of illustrations on young
readers’ comprehension of science passages, including how they
decode specific symbols such as arrows when viewing
illustrations. We investigated reading behaviours and
interpretation of arrow symbols of 64 sixth-graders in three
illustrated science passages using an eye tracker and by
conducting tests and interviews. Results showed no significant
difference between the illustrated and text-only groups on
reading comprehension, total fixation duration for the text
section, and FD/P ratio (the total fixation duration for each
paragraph divided by their area [numbers of pixels]) of the
paragraphs with spatial structure information. Furthermore, the
average duration of the illustrated group’s fixation upon
illustrations was less than ten seconds. Regarding reading
sequence, the illustrated group’s referencing behaviour between
text and illustrations were limited and had inappropriate timing.
Participants could be aware of the semantic roles of the arrows in
major categories but had difficulty distinguishing subcategories.
Furthermore, their use of the semantic role of ‘labelling’ was
overextended and that of ‘vector’ was underextended. The words
that young readers use most frequently to refer to the
subcategories signified by the arrow symbols were identified. The
implications of instructions for understanding diagram
conventions are discussed.
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Introduction

Multiple representations composed of illustrations and written text have been widely
used in scientific journals, textbooks, and online information (Lee, 2010; Liu & Khine,
2016; Smith & Pol, 2018). Bowen and Roth (2002) confirm that illustrations played a
dominant role in scientific texts and lectures. Past research has confirmed that adults
learn more effectively when illustrations and texts are provided simultaneously rather
than texts alone (Schweppe et al., 2015), for pictures can be used as a mental scaffolding
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to improve reading comprehension and facilitate the processing of the text (Eitel et al.,
2013). However, the debate about the effects of illustrations on young readers remains.
Some studies have shown that illustrations improved students’ learning (Jian & Ko,
2017; Mason, Pluchino, et al., 2013), but others failed to find such an effect (Elen &
Gorp, 2008; Hannus & Hyönä, 1999). In various studies pertaining to the comprehension
of text and illustration, eye movement data were adopted to understand individuals’ pri-
ority of judging certain areas and how they inspect text and illustrations by transitioning
their fixations between these areas (Alemdag & Cagiltay, 2018; Jian, 2016; Mason, Tor-
natora, et al., 2013; Rayner et al., 2001). Adult readers demonstrated consistent referen-
cing behaviours between the text and illustrations (Rayner et al., 2001). However, other
studies found that young readers switched between pictorial and textual information
(Mason, Pluchino, et al., 2013), or made limited connections between the two represen-
tations (Jian, 2016). Thus, the first aim of this study is to clarify the effect of using illus-
trations in scientific texts on the reading comprehension and eye movements of young
readers.

Decoding arrow symbols is critical for readers to comprehend illustrated science texts.
Previous studies have indicated that arrow symbols might be beneficial for undergradu-
ate and high school students’ learning outcomes (Cromley, Bergey, et al., 2013; Cromley,
Perez, et al., 2013; Jian & Wu, 2016). In addition, arrows are semantical symbols com-
monly used in scientific diagrams (Coleman et al., 2011). They are versatile symbols
that can convey complicated causal relationships with precise information (Kurata &
Egenhofer, 2008). In the past, very few studies have investigated how young readers com-
prehend the meaning of arrow symbols in illustrated science passages. Thus, the second
aim of this study is to examine whether young readers comprehend the semantic roles of
arrow symbols and understand how they explain the arrow symbols in their language.

Theory of text and picture comprehension

In recent years, studies have revealed that reading comprehension can be improved by
the integration of texts and illustrations rather than texts alone (Levie & Lentz, 1982).
The potential benefits of multimedia materials that comprise texts and illustrations are
usually explained by the Cognitive Theory of Multimedia Learning (CTML; Mayer,
2009) or the Integrative Model of Text and Picture Comprehension (ITPC; Schnotz,
2014). According to CTML, individuals select relevant texts and pictures from the
materials, organise a text-based model and a picture-based model separately, and inte-
grate them into a coherent mental representation by using the readers’ prior knowledge.
According to ITPC, individuals first generate a representation based on the surface struc-
ture of the text, and then develop a propositional representation according to the seman-
tic content. Subsequently, a visual representation based on the visual image is generated
and mapped onto semantic relations to offer structure for the mental model. Finally, a
coherent mental model is formed by the constant interactions between the mental
model and the propositional representation. Both CTML and ITPC confirm the inter-
action effect between picture and text at various levels.

Eitel et al. (2013) proposed the scaffolding assumption and further examined the
different effects of text and pictures that how they assist individuals’ construction of
mental model. They proposed that text is appropriate to convey information on a
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general proposition level and picture is well suited to provide structure-related infor-
mation of a system (e.g. the spatial structure of a pulley system). Thus, themore ambiguous
a text is about the structure information, the more benefits a corresponding picture could
provide. They found that comprehension fostered if the participants inspected the picture
as reading an ambiguous text rather than reading only the text. It indicated that pictures act
as a mental scaffold, which constrain the interpretations from text that contains unclear
structure information, in turn fostering comprehension. Anotherfinding showed that par-
ticipants who inspected the picture before the text spent shorter time on the structure-
related section of the text than participants who read only the text. It revealed that a
picture is beneficial for constructing a mental model about the object’s spatial structure,
and then facilitating processing of structure-related text, thus demanding shorter
reading time. However, the participants Eitel et al.’s study were adults, and not children.

Effects of illustrations on young readers

The effectiveness of illustrations in teaching materials for young readers may not always
lead to greater learning success. Several studies have shown the effectiveness of illus-
trations, but the effect might depend on the abilities of the young readers (Jian, 2020;
Jian & Ko, 2017; Reid & Beveridge, 1986), the contents of passages (McTigue, 2009),
or the features of illustrations (Mason, Pluchino, et al., 2013). For example, Jian and
Ko (2017) as well as Reid and Beveridge (1986) found that illustrations were beneficial
for high-ability children but inhibited the performance of low-ability children.
McTigue (2009) investigated the effects of illustrations in explanatory sciences passages
on the reading comprehension of middle-school students. The results indicated that the
students benefitted from illustrations only in life science texts, but not in physical science
texts. A study by Mason, Pluchino, et al. (2013) found that readers of texts with labelled
illustrations in science text showed better performance on a transfer test than those with
unlabelled illustrations and only text.

On the other hand, some studies have found that inclusion of illustrations offer no
advantages (Hannus & Hyönä, 1999) or have limited effects (Elen & Gorp, 2008) on
young readers. In a study by Hannus and Hyönä (1999), children did not benefit from
illustrations in their ability to recall the main points of a text. Elen and Gorp (2008) inves-
tigated the effect of multimedia design features on the retention and transfer ability of
240 primary school children under 24 conditions, including the relationships between
texts and pictures, image modalities, learner-control types, and materials. The results
showed that the integrated effects of texts and pictures were inconsistent, and their inter-
relationships were complicated.

The reading sequence of young readers remained a controversial issue (Jian, 2016; Jian
& Ko, 2017; Mason, Tornatora, et al., 2013). The reading sequence is defined as the
readers’ referencing behaviour between texts and pictures as processing illustrated
science passages. Mason, Tornatora, et al. (2013) classified young readers’ eye-movement
patterns by cluster analysis and identified three integrating levels of text and picture.
They found that the greater integration of the illustrated text lead to higher performance
of the students. Comparing with adult readers, Jian (2016) indicated that young readers
made fewer references between texts and illustrations. Most young readers tended to
refer from the illustrations to the texts in a unidirectional way, indicating that they
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tend to focus on a single representation rather than multiple. However, these two studies
did not examine further whether young readers could inspect pictures as closely as
reading the structure section of the text.

Several eye-movement indicators were adopted to examine readers’ cognitive process,
including the total reading time on certain stimuli, the distribution of fixation duration,
and the reading sequence (Hannus & Hyönä, 1999; Jian, 2016; Jian et al., 2014; Rayner
et al., 2001). For example, Hannus and Hyönä (1999) examined readers’ cognitive
efforts on texts and illustrations by their fixation duration on texts and illustrations sep-
arately. In addition, Rayner et al. (2001) calculated the FD/P ratio (the total fixation dur-
ation for each paragraph divided by their area [numbers of pixels]), which is a critical
index of the reading ratio in certain areas. For understanding the moment-to-moment
behavioural sequences, Jian (2016) and Jian et al. (2014).) applied a series of matrix cal-
culations to examine readers’ reading sequence.

Semantics of arrow symbols

Arrows are semantic symbols frequently used in the diagrams of illustrated science pas-
sages. An arrow diagram contains at least one arrow symbol and a component, which
could be an icon, a text label, or a certain position in the background diagram.
Tversky (2001) defined arrow symbols as lines with traits of linearity and asymmetric
that can direct readers’ attention and create connections between components.

The versatility and semantic roles of arrow symbols allow them to convey abundant
information. Kurata and Egenhofer (2008) have developed an algorithm for computers
to identify possible semantic roles of arrow symbols. It distinguishes four major cat-
egories and several subcategories of semantic roles for arrows (Figure 1):

Figure 1. The semantic roles of arrow symbols: (a) Orientation: air molecules in the form of vector (b)
Annotation: the label of a neuron (c) Behaviour description: the spatial movement of glucose and
oxygen into mitochondria (d) Association: the change of a molecule into carbon dioxide, water,
and energy through mitochondria
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(1) Orientation. The structure of the arrow symbol for ‘orientation’ contains one
subject that is used to specify the directional property. The subcategories are ‘direc-
tion’, ‘vector’, and ‘magnitude’ (e.g. moving out or passing by).

(2) Annotation. The structure of the arrow symbol for ‘annotation’ contains two com-
ponents – one subject and one attached label. A subject is connected with a label (e.g.
name or category) by an arrow symbol. The subcategory is ‘labelling’.

(3) Behaviour description. The structure of the arrow symbol for behaviour description
includes components of one subject and one object that exist independently and can
interact with each other. The subcategory is ‘spatial movement’. For example, the tail
slot represents a car, and the head slot represents ‘Taipei’, indicating the movement
of driving a car to Taipei.

(4) Association. The structure of arrow symbols for association contains components of
two subjects that are linked by an arrow symbol to demonstrate a symmetrical
relationship between them. The relationship between the two subjects could be
logical, temporal, spatial, or imaging. The subcategories are ‘ordered relation’,
‘change’, and ‘conditional relation’. For example, the Eiffel Tower is a landmark of
Paris.

Studies that have empirically investigated the effect of arrow symbols on individ-
uals’ reading comprehension (Boucheix & Lowe, 2010; Heiser & Tversky, 2006; Jian
et al., 2014; Kriz & Hegarty, 2007) have found that the most frequently used
sematic roles of arrow symbols in illustrated science passages are ‘direction’, ‘labelling’,
and ‘spatial movement’, which fall under the major categories of ‘orientation’, ‘anno-
tation’, and ‘behavioural description’, respectively. Though some research has
confirmed the benefits of arrow symbols for improving individuals’ reading compre-
hension (Heiser & Tversky, 2006; Jian et al., 2014), others have proposed that arrow
symbols can only guide readers’ attention (Boucheix & Lowe, 2010; Kriz & Hegarty,
2007), indicating that the effects of arrow symbols on reading comprehension still
remain controversial. This shows that the readers might not be able to recognise
these semantic roles of arrow symbols correctly. Clarifying whether individuals recog-
nise the various semantic roles of arrows and how they decipher these arrows in their
words could be an approach to understand individuals’ thinking regarding various
arrow symbols, which should be critical in developing future instructions for the
conventions.

In order to understand individuals’ recognition performances of verbal learning and
memory, signal detection theory has often been applied (Crocker et al., 2011; Kramer
et al., 2005; Russo et al., 2016). This theory analysed both the individual’s hit rate (i.e.
the proportion where a stimulus is present and the participant correctly responds) and
the false-alarm rate (i.e. the proportion of incorrect yes responses). In this study, the
hit rate, referred as the proportion of a semantic role of arrow symbol, was correctly
recognised; the false-alarm rate, referred as the proportion of a semantic role of arrow
symbol, was incorrectly recognised in passages. The contrast z score of hit rate and
false-alarm rate yielded the discriminability index (d’). The higher d’ means better dis-
crimination. Thus, this study adopts hit rate, false-alarm rate, and d’ to examine
whether young readers recognise the semantic roles of arrows in illustrated science
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passages correctly. Further, this study also investigates young readers’ words in interpret-
ing the arrows’ meanings.

The current study

According to Mayer (2009)’s CTML and Schnotz (2014)’s ITPC, the interplay between
pictures and text happens at various processing stages. Further, Eitel et al. (2013)
zoomed in by proposing the scaffolding hypothesis that inspecting a picture with struc-
ture-related information allows individuals to constrain the range of interpretations of
the spatial structure from text, in turn improving the comprehension and facilitating
the text processing. If young readers apply scientific illustrations as a scaffold, then
their reading comprehension would be improved (Hypothesis 1), and the total
reading time of the text sections and the time spent on the structure-related paragraphs
(e.g. the space allocation for biological tissue) would be less than in young readers who
read only text (Hypothesis 2 and 3). In addition, if young readers could utilise scientific
illustrations as a scaffold, they would inspect illustrations more closely while reading the
structure-related paragraphs, and perform stronger text-illustration referencing beha-
viours (Hypothesis 4).

Hypothesis 1. Reading comprehension will be better in the illustrated group.
Hypothesis 2. Total fixation duration of the text sections will be shorter in the illustrated

group.
Hypothesis 3. FD/P ratio will be lower for the paragraphs with structure-related infor-

mation in the illustrated group.
Hypothesis 4. The illustrated group will demonstrate more text-illustration referencing

behaviours on the structure-related paragraphs.

As mentioned earlier, we suggest that investigating whether young readers can compre-
hend various meanings of arrow symbols and exploring the words they mostly use to
interpret the arrows in scientific diagrams are necessary, for they are the basis for devel-
oping instructions to understand diagram conventions. As a result, we investigate two
exploratory research questions:

Exploratory Research Question 1. Could young readers identify the various semantic
roles of arrow symbols accurately?

Exploratory Research Question 2. What are the most frequently used words by the young
readers to refer to the major category and subcategories of arrow symbols?

Method

Participants

Sixty-four sixth graders in northern Taiwan were screened by Ko (1999)’s Reading Com-
prehension Screening Test. Students who obtained parental consent and had no reading
difficulty were randomly assigned to two reading groups: illustrated (n = 34) and text-
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only (n = 30). All participants’ vision were normal or corrected-to-normal, and their ages
ranged from 11.8 to 12.6 years old (55% male).

Materials

Learning and testing materials
This study contained three passages, two in the biological domain (the firefly and cellular
respiration) and one in the physical domain (the hot air balloon). Passages were not
taught in our participants’ school curriculum. The texts and illustrations for all three pas-
sages were adapted from an encyclopaedia on science. The three illustrations in this study
were modified based on the principles of Levin et al. (1987) to ensure accuracy and acces-
sibility to average sixth graders. One elementary school teacher who holds a master’s
degree in science education adjusted the materials to ensure appropriate literacy level
of the upper elementary students. All of the learning and testing materials were
further adapted based on the results of a pilot test with five sixth graders.

Each passage was divided into four or five paragraphs (Figures 2, 3, and 4). The first
paragraph introduced the topic by providing the context. The middle paragraphs
explained the definition and the focus of the topic. The final paragraph provided a con-
ceptual summary and conclusion. Since the first paragraph usually involves a brief intro-
duction of the topic and the last paragraph contains the topic conclusion, our main focus
of Hypothesis 3 and 4 are themiddle paragraphs–paragraph 2 to paragraph 3 (or 4), which
are more relevant with the structure-related information. All of the passages were ana-
lysed by the Chinese Readability Index Explorer (CRIE) system (Sung et al., 2015) to
confirm that their textual features are similar. According to the Clay’s classification

Figure 2. The illustrated passage of firefly.
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(1993), the three passages are instructional-level texts for fourth graders and independent-
level texts for sixth graders. The same text was used in the two reading conditions. In the
text-only group, the text was aligned exactly to the centre of the display. In the illustrated

Figure 3. The illustrated passage of cellular respiration.

Figure 4. The illustrated passage of hot air balloon.

112 C.-J. WU ET AL.



group, the text was presented on the left side and the other side had the illustration. In
addition, the text was all in black and white and the illustrations were all in colour. All
illustrations in this study adopted arrow symbols, which were classified into different
semantic roles according to Kurata and Egenhofer (2008).

The passage about firefly was 391 Chinese characters long (Figure 2). The subcategory
of the arrow symbols’ semantic role in this passage was ‘labelling’, which falls under the
major category of ‘annotation’, indicating the firefly’s abdomen in the picture with
descriptions (i.e. labels). The first paragraph described the living environment of a
firefly. The second and the third paragraphs then mentioned the main components
and operating mechanism of a firefly’s light-emitting phenomenon. The fourth para-
graph explained the critical function of a firefly’s reflective cells and used car headlights
as a metaphor. Finally, the last paragraph concluded by explaining that a firefly’s glow is
necessary to their reproduction.

The passage on cellular respiration was 381 Chinese characters long (Figure 3). There
were two figures in this passage to represent aerobic and anaerobic respiration. There
were two arrow symbol subcategories in the figure depicting aerobic respiration. The
first was ‘spatial movement’, which falls under the major category of ‘behavioural
description’, indicating the movements of glucose and oxygen into mitochondria,
which then cause a chemical reaction. The second was ‘change’, which falls under the
major category of ‘association’, representing the state after chemical reaction (i.e. the
combination of carbon dioxide, water, and energy). The figure for anaerobic respiration
contained only the subcategory of ‘change’, which shared identical arrow symbol seman-
tics with the figure for aerobic respiration. The first paragraph introduced cellular respir-
ation by giving the definition. The second and the third paragraphs explained the
differences between aerobic and anaerobic respiration. The fourth paragraph provided
some concise instances of the two kinds of respiration. Finally, the last paragraph men-
tioned the impact of aerobic and anaerobic respiration on living creatures.

The passage about hot air balloon was 389 Chinese characters long (Figure 4). The
subcategory of the arrow symbols’ semantic role in this passage was ‘vector’, which
falls under the major category of ‘orientation’. As shown in Figure 4, the tail slots of
the arrow symbols were attached to the air molecules, indicating their speed by the
length of body slots and the direction with head slots. The first paragraph introduced
hot air balloons by providing context and history. The second paragraph described the
basic construction of hot air balloons. The third paragraph explained the buoyancy prin-
ciple of hot air balloons. The final paragraph offered the theory of the operation of hot air
balloons and a conclusion.

To assess the students’ comprehension of the reading materials, eight questions were
developed for each passage on a separate sheet of paper. The test format includes true/
false and multiple-choice questions. Two types of questions – factual and comprehension
– were included in the comprehension test. Factual questions concerned basic infor-
mation mentioned in the text, for example: ‘The air reaches the light-producing cells
of fireflies through their nostrils and tracheoles’. The comprehension questions were
about integrating certain information, for example: ‘Why is the light of a firefly called
bioluminescence? Please choose the correct answer: (1) Because the temperature of a
firefly’s light is low; (2) Because the colour of a firefly’s light is blue; (3) Because a
firefly shows up at night when it is the coldest; (4) Because the light of a firefly can
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freeze the dew.’ The three sets of questions have such acceptable internal consistencies
that the medium value of the coefficient obtained with Kuder-Richardson formula (20)
was about .53. The value was acceptable, for the low ability students were excluded by
the reading comprehension screening test, and thus, the differences between individuals
were small.

For the pre-test measurement, Ko (1999)’s reading comprehension screening test was
conducted to exclude students who may have reading difficulties. Thirty multiple-choice
questions composed the test and two dimensions were involved (i.e. local processing and
text processing). Its coefficients of internal consistency reliability and test-retest
reliability were .80 and .85. Additionally, the scores of the last Chinese/science achieve-
ment test taken during the semester were also collected to ensure the equivalence of the
two groups created by random assignment.

Apparatus
Eye movements were collected by a Tobii X120 eye tracker at a sampling rate of 120 Hz.
The head movement box was about 30 cm × 22 cm × 30 cm, and the distance between
participants and monitor was about 70 cm. We presented all learning materials on a
19-inch LCD monitor with 1024 × 768 pixels. The segments of text were the same on
the screen, each measuring about 2.5− 8.5 cm × 19 cm (80− 245 × 595 pixels), and the
segments of the illustration were also identical on the screen, each measuring about
12− 17 cm × 14 cm (370− 600 × 430 pixels). The data were recorded with Tobii-
Studio (2.2) software.

Procedure

There were three sessions of data collection in this study. First, the reading comprehen-
sion screening test was conducted collectively for 143 participants in 25 min. Those par-
ticipants with reading difficulties were excluded. After obtaining parental consent,
students were randomly assigned into two reading groups: illustrated and text-only.
The Chinese/science achievement test scores of all participants were also collected.

Second, participants engaged in the eye-tracking experiment individually in a quiet
classroom. After instructions, each participant was calibrated with a 5-point procedure
in the eye-tracker. Later, the participant was asked to read the practice material carefully,
and then press the space bar to finish it. The participant was then given two questions
about the practice material on a sheet of paper. The use of practice material was to fam-
iliarise our participants with the experimental procedure. The process of formal exper-
iment was identical to the practice one, but the participants were given eight
comprehension questions on each passage. The sequence of the three passages for
each participant was selected randomly. Participants could complete the materials and
the tests at their own pace. The average period of time for a participant to finish
reading the material and complete the tests was about 30 min. The comprehension
data of 64 students were included in this study, but several participants’ eye movements
data were excluded (see the Results section). After this session, 44 students participated in
the follow-up interview.

Third, the follow-up interviews were conducted individually. First, participants in
both groups were asked to read three illustrated passages on screen, which were
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exactly the same as the testing materials used for the illustrated group. The participants
were instructed to think about the semantics of the arrow symbols in each illustration
carefully. In addition to the illustrations of firefly and hot air balloon, since the semantics
of the arrow symbols in the aerobic and anaerobic respiration figures are similar, only the
illustration of aerobic respiration was adopted in the interview session. The instruction is
as follows: ‘There are several arrows in this illustration. Please try to explain the meaning
of those arrows’. Next, the participants had to give their interpretation of these arrow
symbols’ semantic roles based on the text of the three passages. The sequence of the pas-
sages for each participant was the same as in the second session, and the average period of
time of each interview was about 5− 10 min.

Data analysis

The reading comprehension screening test comprised 30 items and the possible scores
ranged from 0 to 30. We excluded the students with scores lower than 14 since they
might have reading difficulties. The reading comprehension test of each passage con-
tained eight questions and their scores would be converted into percentages. Addition-
ally, the scores of the Chinese and science achievement test ranged from 0 to 100.

Based on the time the participant spent on passages, two eye-movement indicators
were adopted. First, the fixation duration for the entire passage was calculated by
adding the fixation durations of all of its text segments, and the illustrations was also cal-
culated by adding together those of all of the illustration segments. Second, the total
fixation duration for each paragraph (milliseconds) was divided by the area of each
text paragraph (number of pixels) and referred to as the FD/P ratio in this study. The
reason this ratio is calculated is because it makes the paragraphs comparable, while con-
trolling their length. Another analysis of eye movement was the reading sequence, which
was conducted only in the illustrated group. It was calculated with sequential analysis
(Bakeman & Gottman, 1997), which was conducted via a series of matrix multiplications.
According to the paragraphs and illustration(s), the three passages were divided into five
to seven areas of interest (AOIs). The fixation transition from each of the AOIs to others
was calculated, and the adjusted residuals were analysed using a Z-test to determine
whether the observed frequency was significantly greater than expected.

Regarding the participants’ interpretations of the arrow symbols that were derived
from the interviews, we adopted the classifications proposed by Kurata and Egenhofer
(2008) with slight modifications based on the interview results. This is shown in
Table 1. The major categories and the subcategories and their scoring criteria were
classified based on the keywords and semantic meanings provided by the participants.
As mentioned in the ‘Materials’ section, the arrow symbols of the three passages had
two semantic roles each – the major category and subcategory. Take the passage on
hot air balloon for example; if a participant stated: ‘the arrows represent the moving
direction of air molecules’, the response would be categorised as the subcategory of
‘direction’, which is under the major category of ‘orientation’. Since the arrow’s
meaning of the hot air balloon should be ‘vector’, which falls under the major category
of ‘orientation’, this participant’s response would be deemed incorrect for subcategory
and correct for major category. Certain data were not available because the semantic
meaning could not be identified. The agreement of the two raters was 89% (156/176),
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and the inter-rater reliability was acceptable, with kappa values of 0.85 (p < .001). All dis-
agreements were resolved through discussion.

Based on the participants’ responses, the hit rates and the false-alarm rates were cal-
culated. Take ‘vector’ for example: the hit rate would be the proportion of the participants
who correctly recognised ‘vector’ in the passage of hot air balloon, and the false-alarm
rate would be the average proportion of the participants who incorrectly recognised
the arrows’ meanings illustrated in the passages of firefly and cellular respiration as
‘vector’.

In addition, d’ was calculated by calculating the z score of hit rate minus the z score of
false-alarm rate. The higher the value of d’, the more capable the participants are of
recognising the semantic roles of arrow symbols. This study defined the acceptance cri-
terion of d’ as 2. That is, if d’ for a certain arrow symbol approaches 2, the participants are
able to discriminate the correct semantic meanings from the incorrect ones at above-
chance levels. For each passage, the hit rate, false-alarm rate, and d’ would be calculated
for both the major category and subcategory of arrows. Except for the firefly passage,
since its major category has only one subcategory, the hit rate, false-alarm rate, and d’
were the same for both major category and subcategory.

Results

Three independent sample t-tests were performed to examine whether the different
groups had various effects on the pre-test measurements, including the students’
reading comprehension screening test, the Chinese achievement test, and the science
achievement test (see the top half of Table 2). The results showed no significant difference
between the two groups in the three test scores (ts < 1, ps > .10). This demonstrated that
the participants in this study were randomly assigned to the illustrated group or the text-
only one.

Table 1. The scoring criteria to examine participants’ interpretation of eight arrow symbol
subcategories.
Major categories and
subcategories Scoring

Orientation
Direction Participants refer the words of ‘direction’ to represent the moving state of property, but

no information about the distance nor destination, e.g. the moving direction of
molecules.

Vector Participants mention direction and magnitude simultaneously, e.g. the speed of
molecules.

Magnitude Participants mention distance, destination or quantity, e.g. the degree of atmosphere
pressure.

Annotation
Labelling Participants use annotations to specify a description of a component, e.g. the position of

a structure.
Behavioural description
Spatial movement Participants mention the spatial transition from one component to another, e.g. air

rushes into a firefly’s abdomen through the spiracle, and move into the trachea.
Association
Conditional relation Participants refer preconditions prior to the follow-up movements or events, e.g. the air

is necessary for decomposing glucose.
Change Participants mention the transforming of substances, e.g. the production of carbon

dioxide, water, and energy.
Ordered relation Participants refer the levels of order, e.g. the spiracle is a body part of firefly.
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Comprehension

Three independent sample t-tests were performed to examine whether the comprehen-
sion of the three passages were different in the two groups (see the bottom half of
Table 2). The two groups showed no significant differences for all passages (ts < 1)
with a threshold of p < .01.

Eye-movement behaviours

The eye movement data contained 64 participants, and six students with the valid ratio
below 40% or apparent drift in all three passages were excluded. In addition, the numbers
of students whose data were excluded for the three passages (i.e. firefly, cellular respir-
ation, and hot air balloon) were one, three, and one. Therefore, the data were collected
from 57 (illustrated/text-only, n = 28/29), 55 (illustrated/text-only, n = 29/26), and 57
(illustrated/text-only, n = 28/29) students, respectively, for inclusion in the analyses.
The medians of the valid eye-movement data were .91, .89, and .89, respectively.

An independent sample t-test was performed to examine whether the total fixation
duration was different in the two groups (Table 3). With a threshold of p < .01, the
result showed no significant difference between the two groups in all passages (ts < 1).
In addition, the fixation durations of the illustration sections of the three passages
were all less than ten seconds, and their fixation duration ratio ranged from 5 to 11%.

Table 3 also shows the means and standard deviations for both groups of the four (or
five) text paragraphs in terms of the FD/P ratios. We analysed the groups (2) × text para-
graphs (4 or 5) with three separate mixed ANOVA design by the FD/P ratios. We found a
main effect for the text paragraphs of firefly, F(4, 220) = 101.65, p < .001, partial η2 = .65,
cellular respiration, F(4, 212) = 85.31, p < .001, partial η2 = .62, and hot air balloon, F(3,
165) = 87.56, p < .001, partial η2 = .61, but no main effect of the group or interaction
effects (ps > .05). It indicated that the two groups did not differ in their dwell times
even for the structure-related paragraphs (i.e. paragraphs 2, 3, and 4).

For the passage on firefly, post hoc tests (Scheffé) indicated that the FD/P ratios were
especially greater for participants in the second, third, and fourth paragraphs (M= 0.28,
0.34, and 0.19) than they were in the first and fifth paragraphs (M= 0.11 and .08). In the
passage on cellular respiration, the FD/P ratio for participants in the third paragraph
(M= 0.37) was greater than those of the other paragraphs (M= 0.12, 0.16, 0.20, and
0.14). Turning to the passage on hot air balloon, the FD/P ratios for participants in

Table 2. Means and standard deviations for pre-test and post-test measurements as a function of
group.

Measurements

Text-only Illustrated

M(SD) M(SD)

Pre-test measurements
Reading comprehension screening test 22.31 (4.19) 22.14 (4.21)
Chinese achievement score 91.51 (5.34) 91.98 (6.54)
Science achievement score 78.79 (13.79) 83.68 (12.64)

Post-test measurements
Comprehension test of firefly 66 (21) 68 (20)
Comprehension test of cellular respiration 67 (18) 67 (21)
Comprehension test of hot air balloon 73 (24) 70 (18)
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the third and fourth paragraphs (M= 0.41 and 0.22) were greater than those in the first
and second paragraphs (M= 0.18 and 0.18).

Regarding the reading sequences, we examined whether the illustrated group demon-
strated more text-illustration referencing behaviours on the structure-related paragraphs,
that is, paragraph 2 to paragraph 3 (or 4) (Figure 5). The Z-value matrix of subject in
three passages are given in the Appendix. Students tended to look back and forth
between the paragraphs but seldom refer to illustration(s) among the three passages.
Though students could read the illustrations, their referencing behaviours between the
structure-related paragraphs and the illustrations were limited. For the firefly passage,
the direction of the participants’ text-illustration referencing behaviours was illustration
toward paragraph 1, with a significantly higher transfer probability than other AOIs (Z =
3.94, p < .001). For the cellular respiration passage, the direction of the participants’ text-
illustration referencing behaviours was paragraph 1 toward illustration, with a marginally
significant higher transfer probability than other AOIs (Z = 1.78, p = .090). For the hot air
balloon passage, the direction of the participants’ text-illustration referencing behaviours
was illustration toward paragraph 3, with a significantly higher transfer probability than
other AOIs (Z = 2. 42, p = .010). Except for the hot air balloon passage, the participants
could not reference the illustration and the structure-related paragraphs, and in appro-
priate timing.

Participants’ interpretation of arrow

We examined young readers’ responses in the follow-up interviews to determine whether
they could distinguish the arrow symbols’ semantic roles. As shown in Table 4, the par-
ticipants’ average hit rate for the major categories of the arrow symbols’ semantic roles in
the three passages was about .70, though the false-alarm rates contained huge discrepan-
cies (ranging from .01 to .18), with d′ ranging from 1.65 to 3.01. ‘Annotation’ showed a
relatively high hit rate and the highest false-alarm rate, indicating that the participants
used this meaning frequently and incorrectly. ‘Association’ and ‘orientation’ both dis-
played acceptable hit rates, indicating that most students could aware these two major
categories of arrow symbols in illustrated science texts.

The hit rates and the false-alarm rates for the subcategories showed identification dis-
crepancies, and the d′ was less than 2 for all (ranging from 1.65 to 1.87), indicating that
the participants did not perform well on the subcategories of semantic roles for arrows.

Table 3. Means and standard deviations for eye movement measures as a function of version.
Fireflies Cellular respiration Hot air balloons

Text-only Illustrated Text-only Illustrated Text-only Illustrated

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

FD
Text (s) 68.07 (26.77) 74.13 (34.73) 71.57 (31.74) 76.72 (32.35) 63.77 (28.36) 71.27 (33.49)
Illustration (s) – 5.50 ( 5.60) – 8.95 ( 7.46) – 2.98 ( 3.05)

FD/P ratio (ms/pixel)
First paragraph 0.10(0.06) 0.11(0.05) 0.11(0.06) 0.14(0.07) 0.16(0.08) 0.21(0.08)
Second paragraph 0.29(0.11) 0.28(0.09) 0.15(0.07) 0.17(0.06) 0.18(0.07) 0.18(0.05)
Third paragraph 0.33(0.08) 0.36(0.08) 0.36(0.08) 0.37(0.08) 0.41(0.09) 0.42(0.08)
Fourth paragraph 0.19(0.08) 0.18(0.08) 0.22(0.08) 0.18(0.07) 0.25(0.08) 0.20(0.09)
Fifth paragraph 0.08(0.06) 0.07(0.04) 0.15(0.06) 0.14(0.07) – –
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‘Labelling’ contained the same data as ‘annotation’, showing that young readers often
misuse this semantic role. For ‘spatial movement or conditional relation’, though the
hit rate was only 66%, its false-alarm rate was not that high, indicating that the

Figure 5. The total-pass transition diagrams in the three passages. Note. The solid arrow in the figure
represents significant transition probabilities, and the dotted arrow represents marginally significant
ones. The numbers beside the arrow indicate the transition probabilities.

Table 4. The hit rate, false alarm rate, and d’ of distinguishing arrows in participants.
Major and sub-categories Hit rate False alarm rate d’

Annotation .77 .18 1.65
Labelling .77 .18 1.65

Association .47 .01 2.45
Spatial movement or Conditional relation .66 .08 1.84
Change .57 .05 1.87

Orientation .80 .02 3.01
Vector .18 .00 1.75
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participants might be slightly better in discriminating the meaning of ‘spatial movement
or conditional relation’ over other subcategories. For ‘change’, the trends for hit rate and
false-alarm rate were similar to those of ‘spatial movement or conditional relation’,
showing that the participants were marginally able to identify the meaning of ‘change’.
As for ‘vector’, the hit rate and false-alarm rate were both low, indicating that the partici-
pants rarely used this subcategory.

Most participants were inclined to consider ‘vector’ in an oversimplified way as ‘direc-
tion’ or ‘magnitude’, revealing that it was difficult for them to aware both ‘direction’ and
‘magnitude’ simultaneously. We found that the participants’ rate of identifying ‘vector’ as
‘direction’ or ‘magnitude’ was 48% and 14%, respectively. In addition, we also found that
the participants frequently confused ‘labelling’, ‘spatial movement’, and ‘change’, prob-
ably because of their similar structures – an arrow symbol connecting two components
with its head and tail. For example, the rate at which participants mistook ‘spatial move-
ment’ for ‘change’ was 14% for the illustration of aerobic respiration.

The most frequently used words to refer to the semantic roles of the arrow
symbols

The words most frequently used by young readers to refer to the subcategories of the
arrow symbols’ semantic roles were also identified. Regarding ‘direction’, most partici-
pants presented components that indicated the process of moving in a certain direction
with words such as ‘move into’, ‘flow’, and ‘moving direction’ (e.g. themoving direction of
molecules and the flow of air). For ‘vector’, participants indicated ‘direction’ and ‘mag-
nitude’ simultaneously using words such as ‘moving direction with distance/scope’
and ‘speed’ (e.g. the speed of molecules). Concerning ‘magnitude’, participants demon-
strated the magnitude of force using words such as ‘moving scope’, ‘pressure’, ‘magni-
tude’, ‘numerous’, and ‘few’ (e.g. the pressure of the air outside is low). For ‘labelling’,
participants indicated this effect using words such as ‘mean’, ‘show’, ‘where’, ‘what’, ‘pos-
ition’, ‘name’, and ‘equal’ (e.g. the name of a specific object). For ‘spatial movement’, the
participants presented the continuous changes of spatial position with words such as ‘get
into’, ‘go’, ‘enter’, ‘pass through’, and ‘go through’ (e.g. glucose enters the mitochondria).
Regarding ‘conditional relation’, participants showed the special relations between two
components with words like ‘it has to do something’ and ‘it needs something’ (e.g. mito-
chondria need glucose and oxygen). For ‘change’, participants presented the changes
between two components by words such as ‘become’, ‘generate’, and ‘turn into’ (e.g.
something turns into carbon dioxide, water, and energy). Concerning ‘ordered relation’,
participants presented the order between two components using words such as ‘under’,
‘include’, and ‘A is part of B’ (e.g. oxygen, glucose, and energy are all included in the
mitochondria).

Discussion

This study found no evidences that young readers could utilise scientific illustrations. For
Hypothesis 1, there was no significant difference between the illustrated and text-only
groups in terms of comprehension. For Hypothesis 2, we found no significant difference
for the text section’s total fixation duration between the groups. Moreover, the fixation
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durations of the illustration sections for the groups were less than ten seconds. For
Hypothesis 3, the analyses of FD/P ratios showed no group effect in terms of the para-
graphs with structure-related information (i.e. paragraphs 2, 3, and 4). However, the
main effect of the text paragraphs revealed that students in both groups could identify
the importance of the second and third paragraphs. For Hypothesis 4, the illustrated
group demonstrated limited referencing behaviours between text and illustrations, and
had inappropriate timing. In general, the two groups had similar reading comprehension
with no ceiling effect. The groups took the same time for the whole text and for the struc-
ture-related paragraphs. These results revealed that young readers do not utilise the
information from scientific illustrations. This explained why there was no significant
difference in comprehension and eye-movement behaviours between the two groups.

These findings are open to two alternative explanations. First, the test items might
contain little information that could be acquired only from the illustrations, thus
showed no advantages in the illustrations. Second, the texts might be less ambiguous to
the readers for its structure-related information. Thus, the positive effects of illustrations,
for example, constraining interpretations and increasing comprehension, would be less
pronounced. Both explanations could only explain the insignificant comprehension per-
formances between the two groups, but not about why the illustrated group’s reading time
on the text sections and particularly the structure-related paragraphs were not shorter
than the text-only group. Even if the text was less ambiguous, the picture could accelerate
the processing of structure-related paragraphs because part of the mental model was con-
structed by inspecting the picture (Eitel et al., 2013). Hence, the only reasonable expla-
nation is that young readers rarely inspected illustrations. Young readers’ reading
sequences provides further evidence that their referencing behaviours between struc-
ture-related paragraphs and illustration were limited, and had inappropriate timing. It
may be that students simply could not connect the illustrations with the text or did not
believe that specific illustrations could also be a source of knowledge, and thus only
spent a few seconds on them. Another possible explanation for young readers’ limited
inspecting time on illustrations is that our texts already had all the information; thus,
there was no need to acquire extra information from the illustrations. The finding corre-
sponds to the previous research that young readers’ reading time of illustrations were
short and the referencing behaviour between texts and illustrations was also insufficient
(Hannus & Hyönä, 1999; Jian, 2016; Jian & Ko, 2017). Besides, this study revealed that
the scaffolding assumption of Eitel et al. (2013) was not supported. We suggested that
briefly inspecting the illustrations might not be enough for young readers to construct
a partial mental model relating to the structure. Thus, their comprehension and text pro-
cessing could not be improved. In this study, we adopted only close-ended questions to
examine participants’ reading comprehension, which might not be adequate to elicit
the benefits of illustrations. We believe that more open-ended questions would be
needed to examine whether a brief consideration of the illustration is enough for
young readers to form a deeper conceptual understanding and develop mental models.

For the exploratory research questions 1 and 2, we found that the participants could
identify most of the major categories with their words. However, they encountered more
difficulties while recognising the semantic roles of subcategories. Their performances on
‘labelling’ contained the highest false-alarm rate, demonstrating its overextension. This is
to say that the young readers were inclined to refer to their familiar semantic roles (i.e.

INTERNATIONAL JOURNAL OF SCIENCE EDUCATION 121



labelling) by using words like ‘mean’, ‘show’, ‘where’, ‘what’, ‘position’, ‘name’, and
‘equal’ to decipher every arrow in scientific diagrams. In addition, the participants’ per-
formances on the ‘vector’ contained the lowest hit rate, indicating an underextend use of
this meaning. The young readers failed to appropriately mention the semantic roles of
‘vector’ with words such as ‘moving direction with distance/scope’ and ‘speed’. This
might be because ‘vector’ is a compound concept, which comprises of both ‘direction’
and ‘magnitude’. Most of the young readers might not have developed this concept;
thus, they tended to oversimplify its meaning. The concept of overextension and under-
extension originated from the theory of language development (e.g. Hoff, 2013; Kay &
Anglin, 1982) and is related to Jean Piaget’s concept of ‘assimilation’ (Piaget & Cook,
1952), which alludes to the idea that individuals tend to use existing schema to cope
with new situations. Besides, some participants confused ‘labelling’, ‘spatial movement’,
and ‘change’, which is probably because similar structures of these arrow symbols were
difficult for young readers to distinguish.

As discussed above, we found that young readers could employ various semantic roles
of arrow symbols with their own words, even though they might not have been explicitly
taught about it. This corresponds to the studies of language development that posit a
large proportion of word/vocabulary growth to occur through incidental learning, that
is, from normal reading (Nagy et al., 1987; Rott, 1999). Rott (1999)’s empirical study
found that learners’ vocabularies increased as long as they encountered the unfamiliar
words twice. Similarly, the young readers should be able to learn various semantic
roles of arrow symbols from written context during their school years. Nonetheless,
the young readers did not perform very well on the recognition performances, especially
for the subcategories of arrows’ meanings, indicating the difficulty in understanding
unfamiliar arrows’ meanings and new scientific knowledge simultaneously. Thus, it
should be necessary to assist young readers in understanding and distinguishing the criti-
cal conventional representations in diagrams (i.e. arrow symbols), as suggested by
Cromley, Bergey, et al. (2013) and Cromley, Perez, et al. (2013).

Due to the inadequacy of empirical study in classifying the meanings of the arrow
symbols, we analyse our interview data with the structure of Kurata and Egenhofer
(2008). The structure of arrows’ semantic roles was identified by a computer algorithm.
We found that our young readers’ interpretations can indeed be classified into Kurata
and Egenhofer’s structure. This indicates that the psychological reality of Kurata and
Egenhofer’s semantic structure was confirmed by our empirical evidences.

Implications and future studies

This study has several pedagogical implications. First, many students may have already
possessed adequate reading comprehension strategies for texts but lack proper strategies
for reading illustrations. Thus, teachers should help students to understand the connec-
tions between critical paragraphs and illustrations and then strengthen their strategies for
integrating text and illustrations, such as adopting indirect instruction tools to improve
purposeful processing (Mason et al., 2017) or signals to make the related information in
pictures noticeable (Ozcelik et al., 2009).

Second, students tended to overextend and underextend certain semantic roles of
arrow symbols. Thus, teachers should make it a point to help learners to distinguish
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the meaning of ‘annotation’ from others to decrease its overextended application and
make them aware of the meaning of ‘vector’ to avoid its underextended application. Fur-
thermore, students occasionally confused some semantic roles of arrow symbols, such as
the semantic roles of ‘labelling’, ‘spatial movement’, and ‘change’. To resolve this con-
fusion, teachers should assist students in distinguishing the structures and meanings
of the arrow symbols’ semantic roles. For instance, if there is an arrow connecting a
description and a subject with its head and tail, it should be described as ‘labelling’
(e.g. an arrow that connects the description of a firefly’s neuron and the subject); if
there is an arrow indicating different states of a subject with its head and tail, it
should be ‘change’ (e.g. an arrow demonstrating the transformation of glucose and
oxygen into carbon dioxide, water, and energy); if there is an arrow presenting the move-
ment of a subject with its head and tail, it should be ‘spatial movement’ (e.g. an arrow
indicating the spatial movement of glucose into mitochondria).

Several directions for future research in illustrated science texts could be considered.
First, this study included only participants with normal reading ability, and they were not
sorted into groups by ability. For future research, researchers may consider investigating
the difference in reading strategies or performances between poor, average, and skilled
comprehenders. Second, the learning materials selected were three biology and physics
illustrated passages, which were classified as Clay (1993)’s independent reading level.
This meant that the participants could comprehend most of the content without instruc-
tion. Nonetheless, more illustrated science passages in various domains or reading levels
should be adopted to investigate the generalisability of the finding. Third, one of the
possible reasons why young students paid little attention to the illustrations is because
the texts were understandable without the presence of the illustrations. Future studies
should confirm if the illustration is more informative than the text before one selects
reading materials, and further compare their effects on young readers’ reading beha-
viours. Fourth, this study found that young readers tend to focus on the text section
and demonstrate text-directed strategy. However, one might argue that the position of
our learning materials–the text on the left and the illustration on the right–had a signifi-
cant influence on young readers’ reading behaviours. Future researchers should conduct
an additional study by exchanging the sides of text and illustration to exclude this
alternative explanation. Fifth, we adopted the coding structure of Kurata and Egenhofer
(2008) to analyse the participants’ interpretation of arrows. However, there are still other
meanings of arrows to be used in real diagrams. For instance, the arrows could be used to
demonstrate a transformation over time, possible sequences, or enlargements. Future
research should further develop and confirm the initial coding structure of arrows.
Sixth, we identified the words that young readers used most frequently to refer to the
arrow symbols. More studies are needed to examine whether adopting these words in
instruction would help students to understand various functions of arrows, or would
instead distract, constrain, or mislead readers’ interpretations of diagrams if they focus
too much on the arrows.
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Appendix

Z-value matrix of subject in three passages.

Firefly
Target area Paragraph 1 Paragraph 2 Paragraph 3 Paragraph 4 Paragraph 5 Illustration
Start area
Paragraph 1 15.54* −6.16 −5.78 −4.16 0.55
Paragraph 2 10.16* 7.41* −9.60 −6.48 0.12
Paragraph 3 −5.30 2.50* 7.57* −7.86 −1.17
Paragraph 4 −6.54 −9.94 4.83* 14.89* −3.37
Paragraph 5 −3.47 −5.31 −5.91 12.82* 1.10
Illustration 3.94* 0.74 1.32 −2.89 −2.36

Cellular respiration
Target area Paragraph 1 Paragraph 2 Paragraph 3 Paragraph 4 Paragraph 5 Illustration1 Illustration 2
Start area
Paragraph 1 14.83* −5.28 −5.55 −3.67 1.78 −2.68
Paragraph 2 10.24* 9.43* −8.77 −5.80 −1.47 −4.40
Paragraph 3 −4.18 4.29* 9.04* −7.40 −2.81 −4.92
Paragraph 4 −5.59 −8.89 5.42* 15.14* −5.18 −2.72
Paragraph 5 −3.42 −4.68 −5.72 10.23* 1.21 2.91
Illustration 1 1.39 −0.56 −1.27 −4.93 −2.91 14.22*
Illustration 2 −0.89 −2.88 −1.85 −0.83 −0.33 9.24*
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Hot air balloon
Target area Paragraph 1 Paragraph 2 Paragraph 3 Paragraph 4 Illustration
Start area
Paragraph 1 14.17* −7.61 −6.38 −0.64
Paragraph 2 9.01* 1.27 −8.55 −0.85
Paragraph 3 −6.01 −4.36 11.90* −2.54
Paragraph 4 −4.42 −7.58 10.03* 0.68
Illustration −0.99 0.71 2.42* −2.54
Note. The rows are the starting areas and the columns are the target areas. *p < .05.
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