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ABSTRACT

Previous research suggests that multiple representations can improve sci-
ence reading comprehension. This facilitation effect is premised on the
observation that readers can efficiently integrate information in text and
diagram formats; however, this effect in young readers is still contested.
Using eye-tracking technology and sequential analysis, this study investi-
gated students’ reading strategies and comprehension of illustrated biology
texts in relation to adult readers’ performance. The target population was
fourth-grade students with high reading ability, and the control group was
university students. All participants read a biology article from an elemen-
tary school science textbook containing two illustrations, one representa-
tional and one decorative. After the reading task, participants answered
questions on recognition, textual, and illustration items. Unsurprisingly, the
university students outperformed the younger students on all tests; how-
ever, more interestingly, eye movement patterns differed across the two
groups. The adult readers demonstrated bidirectional reading pathways for
both text and illustrations, whereas the fourth graders’ eye fixations only
went back and forth within paragraphs in the text and between the illustra-
tions, but made fewer references to both text and illustration. This suggests
that regardless of their high reading ability, fourth-grade students’ visual
literacy is not mature enough to perceive connections between correspond-
ing features of different representations crucial to reading comprehension.
Despite differences in cognitive processes between adult readers and young
readers, high-ability young readers still have certain capabilities in reading
comprehension. The results of sequential analysis showed that they looked
back to previous paragraphs frequently, indicating that they were monitor-
ing their comprehension.

sciences. The renowned journal Science even published a

pecial volume discussing the relation between science and
reading that covered topics such as cognitive processes involved in
science reading (van den Broek, 2010), challenges in reading science-
related texts (Snow, 2010), and the impact of integrating scientific in-
quiry, teaching, and learning into syllabi for kindergarten through
high school (Pearson, Moje, & Greenleaf, 2010).

Students are commonly exposed to visual representations of
information in textbooks; the picture-to-text ratio in science text-
books has increased considerably in recent years (Cook, 2006; Ferk,
Vrtacnik, Blejec, & Gril, 2003; Pozzer & Roth, 2003; Slough, McTigue,
Kim, & Jennings, 2010; Unsworth, 2001). To successfully comprehend
an illustrated science text involves complicated and cognitively

Reading plays an important role in education, particularly in the
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demanding processes (Ainsworth, 2006; Mason,
Tornatora, & Pluchino, 2013). According to the cogni-
tive theory of multimedia learning (Mayer, 2005), tex-
tual representations and pictorial representations are
processed through two cognitive subsystems: the verbal
channel and the pictorial channel. Learning from mul-
timedia entails several coordinated processes, including
selecting relevant words and images, organizing the se-
lected words into a verbal mental model and selected
images into a pictorial mental model, and finally, inte-
grating the verbal model and the pictorial model with
readers’ prior knowledge into a coherent mental repre-
sentation. It was therefore hypothesized that connect-
ing textual and pictorial representations is important
for good reading comprehension. Good reading abili-
ties and strong cognitive capabilities facilitate these
cognitive processes. It is still unclear whether young
readers, such as elementary school students, can per-
form these processes to construct mental representa-
tions to acquire science concepts. Educators and
publishers rely on illustrations as a tool to develop stu-
dents’ science knowledge. Therefore, the extent to which
elementary students make use of illustrations in science
texts to build knowledge and conceptual understanding
is a significant question.

Although research on visual representations and
multiple representations has received a great deal of at-
tention in science pedagogy, the focus has primarily
been on adult readers (Butcher, 2006; Hegarty, 1992;
Hegarty & Just, 1993; Jian & Wu, 2015; Jian, Wu, & Su,
2014; Johnson & Mayer, 2012) and middle school stu-
dents (Cook, Carter, & Wiebe, 2008; Cook, Wiebe, &
Carter, 2008; Won, Yoon, & Treagust, 2014; Wu, Lin, &
Hsu, 2013), rather than young readers (Hannus &
Hyon4, 1999; Mason et al., 2013). From a developmental
perspective, a reader may adopt different reading strate-
gies across the life span. Therefore, generalizing these
findings to young students would be inappropriate.

Previous research has confirmed a consistent advan-
tage of multiple representations in science reading among
adults; that is, an adult reader would demonstrate better
reading comprehension and acquire more complex
science concepts when both verbal and pictorial repre-
sentations, rather than just one, are provided (Carney &
Levin, 2002; Hegarty & Just, 1993; Mayer, 2005). These
findings support theories on text and picture compre-
hension (Mayer, 2005; Schnotz, 2005; Schnotz & Bannert,
2003). However, research has yielded inconsistent find-
ings for this effect in young students for science reading
(Hannus & Hyond, 1999; McTigue, 2009; Segers,
Verhoeven, & Hulstijn-Hendrikse, 2008). The multiple-
representation effect involves reading verbal and graphi-
cal information in the text and linking both
representations to create a mental model. For young
readers, I am concerned with a more basic question that
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is examined in the present study: Do young students read
only one representation or both, and if the latter, can they
create a model using both representations?

Visual Representations
in Science Education

Visual representations are especially critical in the com-
munication of science concepts (Ainsworth, 2006;
Mathewson, 1999). Science articles usually consist of text
and graphics, and reading comprehension is decided
based on whether a reader is capable of using these mul-
tiple representations of text and graphics (Seufert, 2003).
Theories on learning with multiple representations
(Ainsworth, 2006) and on text and picture comprehen-
sion (Mayer, 2005; Schnotz & Bannert, 2003) explain that
for conceptual understanding, learners first need to un-
derstand each representation and select important infor-
mation, then organize these in relation to each other,
integrating representations and prior knowledge.
Although the importance of visual representations in
science is well documented, limited research has been
conducted on the role of visual representations in science
teaching or learning (Cook, 2006; Pozzer-Ardenghi &
Roth, 2005).

Cook and her colleagues (Cook, 2006; Cook, Carter,
& Wiebe, 2008) conducted a series of pioneering studies
that presented empirical evidence and instructional de-
signs related to visual representations in science educa-
tion. In a review of theoretical concepts (Cook, 2006),
instructional designs were tested in accordance with
learning theories (e.g., dual coding theory: Paivio, 1990;
cognitive load theory: Sweller, van Merrienboer, & Pass,
1998). It was found that learners’ characteristics, espe-
cially prior knowledge, are important factors that medi-
ate the effectiveness of multiple-representation design
principles.

Eye tracking is a long-standing technology used to in-
vestigate reading processes (Rayner, 1998). Saccades (eye
movements), fixations (one’s eyes stay on a certain location
without moving), and regression (refer back to objects that
have been previously read) are the basic features of reading
behavior. To understand the role of prior knowledge, Cook,
Carter, and Wiebe (2008) conducted two experiments to
investigate how high school students with different levels of
prior knowledge viewed and interpreted graphics on cel-
lular transport from biology textbooks. The researchers
collected three types of data—eye tracking, interviews,
and questionnaires—to investigate differences in
perceived salient features of the graphics, graphical
interpretations, and processing difficulties in under-
standing the graphics. Cook et al. found that students
with a low level of prior knowledge focused on surface
features of the graphics to understand the represented



concepts but still experienced difficulties in understand-
ing the graphics; in contrast, students with high prior
knowledge were more likely to attend to the thematically
relevant content in the graphics.

In a similar study, Cook, Wiebe, and Carter (2008)
found that students with high prior knowledge transi-
tioned more frequently between representations of mo-
lecular cellular transport, whereas students with low
prior knowledge transitioned more frequently between
representations of macroscopic cellular transport and
between macroscopic and molecular representations.
This was consistent with their previous research (Cook,
Carter, & Wiebe, 2008) indicating that those with high
levels of prior knowledge distribute their visual atten-
tion on conceptually relevant features, whereas those
with low levels of knowledge focused on surface fea-
tures. Furthermore, students with less domain knowl-
edge experienced greater difficulties in forming links
across different representational levels.

Overall, the research discussed previously indicated
that middle school students with low prior knowledge
tend to apply superficial processing strategies and have
difficulties in identifying relevant information in repre-
sentations (Ainsworth, 2008; Cook, Carter, & Wiebe,
2008; Kozma, 2003).

Further, in the literature on illustrated science read-
ing, Jian and Wu (2015) used eye-tracking technology to
investigate which strategies adult readers use when read-
ing an illustrated science text. Seventy-one undergradu-
ate participants read a scientific article containing one
diagram. The article described the pathways of the fear
response and awareness in the human brain. The dia-
gram section had seven technical terms referring to the
brain, which were the same as those contained within the
text section. The results showed that a text-diagram ref-
erencing strategy was commonly used. Although some
readers adopted the strategy of reading the diagram or
text first, they all performed text-diagram referencing
on the second round of reading. Very few readers (11%)
did not reference the diagram. The participants who ig-
nored it performed more poorly on questions that tested
understanding of basic facts as compared with those who
made text-diagram references, indicating that dual cod-
ing theory may explain the phenomenon and implying
that at least some participants extracted semantic and
spatial information by looking at the diagram.

Research on Young Students’
Ability to Read lllustrated
Science Texts

Elementary school students’ reading development is
considerably different from those of adolescents,

suggesting that they may have very different reading
strategies and cognitive processes for reading illustrated
science texts with both types of representations.

Moore and Scevak (1997) used think-aloud proto-
cols to investigate reading strategies for text and illus-
tration among primary and secondary school students.
Fifth-, seventh-, and ninth-grade students were asked to
read science texts containing visual representations (ta-
bles, diagrams). The results indicated developmental
differences. Whereas older students demonstrated ex-
plicit linking of information from text and visual repre-
sentations, this was not as evident in the younger
students; the fifth graders focused on detailed informa-
tion in the text but seldom read information presented
through illustrations.

Norman (2012) used a think-aloud protocol to in-
vestigate the relationship between graphical reading
processes and reading comprehension in young readers.
Second-grade students with high, medium, and low
reading ability read two informational texts (one about
dinosaur fossils and the other about weather watching)
containing several visual representations (photographs,
realistic drawings, maps, flowcharts, diagrams, etc.).
The results showed that the number of times the stu-
dents with high reading ability used graphic reading
strategies was significantly correlated with scores on
the retelling measure for the dinosaur fossils text but
not for the retelling measure of the weather-watching
text or the comprehension question measure of either
book. Although this study provided various visual rep-
resentations as reading materials, including decorative
pictures and representational diagrams, they were not
analyzed separately.

McTigue (2009) investigated whether the principles
of multimedia learning (Mayer, 2005) demonstrated by
college-age readers can be generalized to young readers.
Sixth-grade students were randomly assigned to one of
four groups, wherein they had to read two explanatory
passages on life sciences and physical science presented
in the following format: without illustrations (control
group), illustrations with labels for each part (parts
group), illustrations with labels for each major process
(steps group), or illustrations with labels for each part
and major process (parts-and-steps group). The results
showed that for the life sciences text, students demon-
strated modest improvement by the addition of
diagrams, with the parts and steps groups outperform-
ing the control group. The parts-and-steps group’s per-
formance was poorer than that of the control group. For
the physical science text, the diagrams did not benefit
students. The disparity between these results and Mayer
and Gallini’s (1990) study on college students, wherein
the parts-and-steps group outperformed the other three
groups (text only, text with label diagram, text with step
diagram), led McTigue to conclude that young readers
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may not possess the sophisticated strategies needed to
deal with the expository, complex text-and-graphics
combination that adult readers have.

In sum, research indicates that older and younger
readers employ different reading strategies (Moore &
Scevak, 1997). The number of times graphic reading
strategies are used by second graders was not highly
correlated with their reading comprehension perfor-
mance (Norman, 2012), and although research on
adults supported the multimedia learning theory
(Mayer, 2005), it cannot be directly applied to young
readers in a classroom setting (McTigue, 2009) because
the methods used to obtain these findings—students’
self-reports and learning outcomes—reflect conscious
processes and do not evaluate unconscious cognitive
processes in everyday reading situations.

Eye tracking is an online method that records the
position and fixations of the eyes as readers move
across visual stimuli (e.g., text, graphics). It permits
several indexes of processing to be collected simultane-
ously with high temporal and spatial resolution, such
as what sequences readers read, what stimuli they
looked at, and how long they looked at the stimuli
(Hyon4, Lorch, & Kaakinen, 2002; Mikkild-Erdmann,
Penttinen, Anto, & Olkinuora, 2008). The eye-mind
hypothesis (Just & Carpenter, 1980) theoretically
underlies this methodology. It assumes that human
gaze is closely linked to individual attentional pro-
cesses while visual information is being observed. In
other words, it corresponds to the relationship between
perceptual and cognitive processes. Eye tracking used
to examine young students’ cognitive processes when
reading texts with diagrams cannot only provide
empirical evidence for expanding the applicability of
the multimedia learning theory but also has implica-
tions for modifying classroom instruction.

Such eye-tracking studies on young students’ ability
to read and comprehend illustrated science texts are
limited. The earliest classical research was conducted
by Hannus and Hydnd (1999). Experiment 2 of their
study examined the effects of illustrations in an elemen-
tary school science textbook on learning among fourth-
grade students with high and low intellectual ability.
Although the total time spent on reading the text did
not differ significantly between groups, they allocated
visual attention to different locations on the text and
graphics; high-ability students devoted relatively more
time to studying pertinent segments of text and illustra-
tions and engaged in more back-and-forth eye move-
ments between text and a relevant illustration than did
low-ability students. This suggests that high-ability stu-
dents utilize more mature learning strategies, concen-
trating on pertinent information and integrative
processing. Interestingly, in this experiment, for both
high- and low-ability readers, reading behavior was
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heavily driven by the text, with minimal inspection of
illustrations. The fixation duration on the illustrations
was approximately 6%, even though there were three to
six explanative illustrations (e.g., depiction of the devel-
opment of a fly from an egg to an adult fly) and nonex-
planative illustrations (e.g., a photograph of a fly) for
each text. This fixation duration ratio for illustrations
was much lower than that found among adults, reported
to be approximately 20-30% when reading science texts
with only one or two graphics (Jian & Wu, 2012, 2015;
Schmidt-Weigand, Kohnert, & Glowalla, 2010).

Recently, Mason et al. (2013) used eye-tracking
technology to investigate reading processes for text and
illustrations among fourth graders. The researchers
examined the applicability of the cognitive theory of
multimedia learning (Mayer, 2005), emphasizing the
role of integration, on young readers. The students were
asked to read an illustrated science text describing the
characteristics of air. Mason et al. used cluster analysis
to classify the readers into three groups by their eye
movement patterns: high, intermediate, and low inte-
grators. Compared with intermediate and low integra-
tors, high integrators spent the longest fixation time on
the picture during the first-pass reading, made more at-
tempts to integrate verbal and pictorial representations,
and spent the most time integrating words and graphics
during text rereading or illustration reinspection.
Greater integrative processing of illustrated text was as-
sociated with better performance on reading compre-
hension tests. Thus, the results support the theoretical
assumptions of the cognitive theory of multimedia
learning, suggesting that the integration of information
from text and pictures is essential for successful com-
prehension of an illustrated text. Students who per-
formed fewer text and picture transformations had
poorer reading comprehension scores. Although the
study was well designed, the learning material only al-
lowed inferences for a single illustration, not on detailed
processes within illustrations, and the researchers could
not ascertain whether young readers were capable of
identifying and referencing relevant information across
text and graphics. Multiple representations from exist-
ing science textbooks better approximate ordinary
reading materials and reading conditions in school or
daily life.

Limitations of Previous Research

There are several important limitations in the previous
research that I addressed in the present study. First, the
processes involved in reading illustrated science texts in
young readers is still unclear. Although a few studies
have focused on the difficulties that younger readers
experience with multiple representations, most used



think-aloud protocols that may have interfered with
readers’ cognitive processes (Moore & Scevak, 1997;
Norman, 2012) or outcome measures (Brookshire,
Scharff, & Moses, 2002; McTigue, 2009; Rusted &
Coltheart, 1979; Segers et al., 2008; Small, Lovett, &
Scher, 1993). The studies seldom used eye trackers to
address this issue (Hannus & Hy6nd, 1999; Mason et al.,
2013).

Second, there is limited direct empirical research
that explains young readers’ reading pathways and
learning strategies. A few previous studies have used
eye-tracking technology and sequential analysis to in-
vestigate readers’ reading pathways only for adult read-
ers, not young readers (Cook, Wiebe, & Carter,, 2008;
Hegarty & Just, 1993; Jian et al., 2014). In addition, pre-
vious research on young readers using eye-tracking
technology (Hannus & Hyond, 1999; Mason et al., 2013)
have reported on the fixation duration and frequency of
references to science text and illustration sections but
have not provided more detailed information on read-
ing sequences between several paragraphs in a text and
different illustrations, nor on the formats that clearly
depicted reading pathways and cognitive processes.

Third, a few studies used comprehension tests spe-
cifically designed to evaluate graphic memory or com-
prehension; most only tested participants’ ability to read
illustrated text (Hannus & Hyond, 1999; Mason et al,,
2013). In these studies, diagram items were provided to
evaluate graphic memory and comprehension, contrib-
uting significantly to the graphic reading research
domain.

Finally, previous research has compared reading
strategies of students in different grades (Moore &
Scevak, 1997) or indirectly compared the multiple-
representation effect for readers of different ages using
learning outcome measures. For example, McTigue
(2009) conducted a study on sixth-grade students and
compared the results with previous research (Mayer &
Gallini, 1990) that employed university students as
participants.

Studies have not directly compared eye movement
patterns of readers across different ages. Thus, none
were able to provide insights into differences in reading
processes from a developmental perspective. In the
present study, I attempted to overcome these research
limitations.

The Present Study and Hypotheses

This study is one part of a larger research project de-
signed to examine young students’ learning strategies
and comprehension of reading illustrated science texts
in relation to adult readers’ performance. The target
population was fourth-grade students with high

reading abilities, large vocabularies, and good compre-
hension skills. Undergraduate students served as the
control group. By comparing the two groups, I could
investigate what young readers can do and their defi-
ciencies in reading illustrated science texts as compared
with undergraduate students with good reading ability
and without word identification difficulty.

Fourth-grade readers with high reading abilities
and university students read an identical excerpt on
biology from an elementary school science textbook.
This article contained two types of illustrations, repre-
sentational and decorative, that depicted parts of a
flower and the process of pollination. After the reading
task, participants responded to questions on recogni-
tion, textual, and illustration items. I designed the first
two types of items according to parts of Kintsch’s (1988)
reading comprehension theory, which indicates that
when a person reads the most superficial level of text
representation, the syntax and wording of each sentence
are maintained in a surface code (I designed the
recognition items). The second level is text-based repre-
sentation, which corresponds to the propositional rep-
resentation of a text; that is, readers catch the meaning
of sentences and the text (I designed the textual items).
The third and deepest level is a situation model, repre-
senting the result of the interaction between text com-
prehension and readers’ prior knowledge (I did not
design corresponding items in this study, and this
limitation is discussed in the Limitations section). By
combining eye movement data and comprehension
performance, we can understand young readers’ learn-
ing outcomes and identify their reading strategies and
cognitive processes.

I analyzed several eye movement indicators: visual
attention distribution for text and illustration, reference
to relevant parts of the text and illustration, and reading
pathways, among others. Prior research in this area
guided hypothesis formation, and two hypotheses were
formulated. First, regarding the effect of illustrations on
reading textual matter, whereas university students
have considerable text-and-illustration reading experi-
ence and can establish connections between representa-
tions of text and illustration (Hegarty, 1992; Hegarty &
Just, 1993; Jian & Wu, 2012, 2015; Mayer, 2005), young
readers are less capable of using illustrated information
(Hannus & Hyona, 1999; McTigue, 2009; Moore &
Scevak, 1997). Therefore, I hypothesized that university
students would emphasize the role of illustration, pay
more visual attention to the illustration, and refer to
both text and illustration more frequently to remember
and comprehend the science concept conveyed in the
article. Therefore, I expected that university students
would have a higher proportion of fixation duration for
the illustration, especially for the representational illus-
tration, and have more saccades between text and
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illustration than the fourth-grade students (hypothesis
1). Analyses of several eye movement indicators (e.g.,
total reading time, proportion of fixation durations,
number of saccades between text and illustration) were
conducted to confirm hypothesis 1.

Second, the hypothesis regarding reading strategies
and cognitive processes involved with text and illustra-
tion comprehension was based on theories that claim
that selecting specific information is the first essential
step to learning from illustrated texts (Mayer, 2005;
Schnotz & Bannert, 2003). According to these theories,
a reader who is capable of selecting relevant informa-
tion from the text and graphics will have more opportu-
nities to organize and integrate these representations to
construct a coherent mental representation of the illus-
trated text. Therefore, I expected that the university
students would demonstrate bidirectional reading path-
ways between text and illustrations, but the fourth-
grade students would demonstrate a reading pathway
within the single representation of text or illustration
(hypothesis 2). Even though the fourth-grade students
had high reading ability, I speculated that their reading
pathway would differ from that of the adult readers be-
cause diagram literacy typically shows slower develop-
ment than word recognition (Kress & van Leeuwen,
1996; McTigue, 2009; McTigue & Flowers, 2011). I per-
formed transition probabilities and sequential analysis
for eye fixations to confirm hypothesis 2.

Method

Participants

Of the 34 participants in the eye movement experiment,
17 were university students (7 males and 10 females,
mean age = 21.05 years) from the National Central
University in Taiwan, and 17 were fourth-grade stu-
dents (8 boys and 9 girls, mean age = 10.4 years) from
an elementary school in Taiwan. The university stu-
dents received a small monetary reward for participa-
tion (200 New Taiwanese dollars, approximately 5
euros). Parental consent was received for the elemen-
tary school students, who were rewarded for their par-
ticipation with stationery. All participants had normal
or corrected-to-normal vision.

The fourth-grade participants in this study were
students with high reading ability. Initially, 63 fourth-
grade students (33 girls and 30 boys) comprising the
three classes at an elementary school in Taiwan were
recruited as the subject pool. I conducted the standard
Reading Comprehension Screening Test (Ko, 1999) to
evaluate the young students’ reading comprehension
ability. The participation criterion of high reading
ability was comprehension test scores exceeding 90%
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of the nationwide norm in Taiwan. Thus, 17 students
were included in the study.

Materials

The experimental material was an illustrated science
text rewritten from a fifth-year science textbook used in
Taiwan (Huang, 2013). The topic of the article was the
forms and functions of flower, fruit, and seed, consist-
ing of a text with 400 Chinese words and two illustra-
tions (see Figure 1). The text selection had three
paragraphs: the first explaining plant reproduction
(sexual reproduction), the second describing a flower’s
detailed structure (e.g., stamen, digynia, anther, thrum,
ovary) and the functions of those structures, and the
third describing pollination by bees. There were two
types of illustration: The first, located at the top of the
screen, was a representational illustration depicting the
detailed structure of a flower with labels, correspond-
ing to the descriptive text; the second, at the bottom,
was a decorative illustration depicting a bee gathering
flower nectar.

Teaching effects were avoided by using reading ma-
terial from a fifth-grade textbook, as the participants in
this study were fourth-grade students. This provided an
opportunity to investigate the content and process of
young students’ learning when reading independently.
The reading material was displayed on a single static
computer screen, without a scroll bar or additional
pages.

To assess participants’ comprehension and mem-
ory of the reading material, 17 yes/no questions with
three types of questions were created as a comprehen-
sion test:

1. Seven recognition items measured surface-level
(characters and words) text comprehension.
Participants needed to identify the correct sen-
tence from two identical sentences with different
keywords in Chinese (e.g., “Petals are above the
sepal. Petals are inside the sepal. Which one
appeared in the article that you read?”).

2. Three textual items measured propositional for-
mation level for reading comprehension (e.g.,
“Does the ovary develop into the seed?”).

3. Seven illustration items measured how well the
reader extracted information from the illustra-
tion (e.g., numbers or relative positions of the
detailed parts of a flower) when the information
was not described by the text.

The illustrated science text and the comprehension
test were assessed by three experts—a PhD candidate in
science education and two teachers with a master’s de-
gree in science education for teaching science courses in



FIGURE 1

The Reading Material (a) as Presented to the Participants in Chinese and (b) the English Version

(a)

Paragraph 1

Paragraph 2

Paragraph 3

(b)

Title

it REPETHBESNE ‘

WS M BEMMIE SR BHTFOTR - RRITRK -

PRI e H R M A - B4 it keikok
@ AR R A AN - HRIEM LS
Wi s RN YR R TIREEE - KR HBGME LBk
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Upper illustration

REAARP R MO LAE T - COBRMA—BER  RED

RALHR PN THBANNRFIETS  FAAHBER -

WM AR RSO SRARIGR - AL HH TS
TR AEE  BAHERAN S LAGRY  FEAFHS LS
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FMEALIERT BRI aREARER Y RPEH ZREETS

HF - MR TS ETARY -

A S

Bottom illustration

Many plants produce offspring by flowering, fruiting. and seeding.

Through careful observation of a flower’s structure. we can see sepals, petals.
stamens, and a pistil. Sepals are located on the outermost part of a flower,
typically consist of several green leaf-like sheets. and provide protection to
petals, stamens, and pistil due to their robust texture. Petals are located mside the
sepals and protect the stamens and pistil. Most petals are bnightly colored or have
special odors that atiract msects and birds to disperse pollen. Stamens are located
wmside the petals, and are the male reproductive organ of plants. A stamen 1s
composed of a slender filament that supports a pollen-ladened anther at 1ts top.
The pistil 1s located 1n the center of a flower and 1s the female reproductive organ
of plants. The pistil is shaped like a vase, with a stigma at the top. a style in the
middle. and an ovary at the bottom. The latter is inflated and contains ovules
within.

The process by which pollen 1s transferred from the anther to the stigma of
the plant after flowening 1s referred to as pollination. Some plants transfer pollen
to the stigma through the agency of bees because nectar is a food of many insects.
Pollen becomes attached to the body of bees when they are collecting nectar, and
thereby the task of pollination 1s accomplished. After pollination by bees. pollen
grains falling on the stigma of the pistil germunate and form pollen tubes that
deliver their sperm cells into ovules. The fertilized egg cells will subsequently
develop into seeds. The ovary surrounding the ovules will develop wnto a fruat.

Morphologies and functions of flower, fruit, and seed

—r

Flower structure

Stamen (#%): anther (camies pollen inside), filament; pstil (B £):
stigma, style, ovary; petal (JE#l); sepal (¥ J7); ovules inside ovary

(T HANRER).

Note. Six areas of interest (title, paragraph 1, paragraph 2, paragraph 3, upper diagram, and bottom diagram) of the reading material were divided to

execute sequential analysis of eye movement data.

elementary school—for their difficulty (suitability for
fourth-grade students) and readability.

Apparatus

Participants’ eye movements were recorded using the
EyeLink 1000 at a sampling rate of 1000 Hz. A chin bar
was used to minimize head movement. Viewing was
binocular, and eye movements were recorded from only
the right eye. The reading material was presented on a
24”7 LCD monitor with a resolution of 1920 x 1200
pixels. Each Chinese character in the text section of the
reading material was 28 x 28 pixels, and the distance
between the participant and the monitor was 65 cm.
Thus, each Chinese character covered approximately a

1° angle on the screen. The diagram section on the
screen was approximately 557 x 971 pixels. The entire
reading material covered a 46° (horizontal) x 30° (verti-
cal) visual angle on the screen. Data were recorded with
Data Viewer software.

Procedure

This experiment was conducted individually for each
participant. Participants were instructed to read an ar-
ticle for comprehension and press the space bar on a
keyboard when they had finished reading to initiate the
reading tests. There was no time limit for the reading
procedure to ensure natural reading conditions.
Therefore, participants read at their own pace. They
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were first asked to read a practice article on the screen
and respond to a few comprehension questions. The
formal experiment was conducted subsequently. A
12-point calibration and validation of eye movements
was conducted for each participant. Participants were
then instructed to keep their head still throughout the
reading procedure. The experimental reading session
lasted approximately 20 minutes.

All procedures were the same for both the univer-
sity students and the elementary school students, except
for the experimental locations. The university students
were tested individually in an eye movement laboratory
at the National Central University, and the fourth-grade
students were tested individually in a quiet room in the
elementary school.

Data Selection and Scoring Criterion

Eye Movements

Eye movement data from five participants were dis-
carded due to unsuccessful eye tracker recordings
(two participants) and apparent drift (three partici-
pants). Therefore, data from 29 participants (15 uni-
versity students, comprising the adult group, and 14
elementary school students, comprising the child
group) were included in the analyses. In addition, as
in previous eye movement studies on reading dia-
grams, fixations shorter than 100 ms were excluded
(Andrews, Miller, & Rayner, 2004; Jian et al., 2014;
Jian & Wu, 2015), amounting to approximately 4%
and 5% of fixations for the adult and child groups,
respectively.

Several eye movement indicators, each reflecting
different types of cognitive processing, were selected
according to previous studies on diagram or text-and-
diagram reading (Cook, Wiebe, & Carter, 2008;
Hannus & Hyond, 1999; Hegarty, 1992; Jian et al., 2014;
Jian & Wu, 2015; Johnson & Mayer, 2012; Mason et al.,
2013). The following indicators were included in the
analyses:

o Total reading time (the sum of all fixation dura-
tions on an area of interest [AQOI]), indicating the
overall difficulty and the degree of cognitive effort
required to process the reading material

Proportion of fixation durations (the fixation du-
ration on specific AOIs divided by the total fixa-
tion duration during the learning episode),
reflecting selective attentional focus on specific
target regions during learning

o Number of saccades between text and illustration
(the number of times the participant moves eye
fixation from text to illustration or vice versa),
reflecting inference and integration of informa-
tion between text and illustration
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In addition to these eye movement indicators, I ex-
amined the sequence of eye fixations to investigate
reading strategies adopted by the child and adult
participants. A series of matrix calculations was carried
out for this analysis: (1) first-pass transitions (the pro-
portion of first fixations transferred from the initial
AOI to the subsequent transfer areas), reflecting initial
processing of the target AOL and (2) total-pass transi-
tions (the proportion of total fixations transferred from
the starting AOI to the subsequent transfer areas), re-
flecting late processing and higher order cognitive pro-
cessing during reading. This statistical method is
frequently used to investigate moment-to-moment be-
havioral sequences (Bakeman & Gottman, 1997) and
has recently been used to analyze eye movement data
(Cook, Wiebe, & Carter, 2008; Jian et al., 2014).

Comprehension Test

The comprehension test included recognition, textual,
and illustration items, all of which were in a dichoto-
mous yes/no format. Each correct answer was awarded
1 point, and correct scores were transformed to
percentage scores. The time taken to complete the com-
prehension test was also reported.

Results

Learning Outcomes

To understand differences in learning outcomes for the
illustrated science text reading task among child and
adult readers, independent t-tests were performed. The
two dependent measures for learning outcomes were
accuracy and reaction time. These results are shown in
Table 1.

TABLE 1
Accuracy and Response Time on the Reading Test for
the Child and Adult Groups

Child group Adult group
(N =14) (N = 15)

M SD M SD t-value
Accuracy on 77 14 88 9 -2.41
recogition items
(%)
Accuracy on 72 26 96 12 -3.29"
textual items (%)
Accuracy on 74 17 85 9 -2.10°
illustration items
(%)
Response time 186.86 55.54 123.67 25.64 -3.89"
(sec)

Note. M = mean; SD = standard deviation.
*p < .05. *p < .01.



Compared with the adult group, the child group
had significantly lower accuracies on recognition
items, #(27) = —2.41, p < .05, Cohen’s d = —0.95; textual
items, #(27) = -3.29, p < .01, Cohen’s d = —1.20; and
illustration items, #(27) = -2.10, p < .05, Cohen’s
d = —0.81. As for time taken to complete the compre-
hension test, the child group took significantly longer
than the adult group, t(27) = 3.89, p < .01, Cohen’s
d = 1.46.

Eye Movement Analysis

To investigate processing differences between the child
and adult readers in reading an illustrated science text,
including visual attention distribution for text and
illustration, reference to relevant parts of the text and
illustration, and reading pathways, eye movement indi-
cators were examined and independent samples t-tests
conducted. I used Cohen’s benchmarks for effect size
(Cohen’s d): small (0.2), medium (0.5), and large (0.8)
effects.

TABLE 2

Whole-Article and Detailed
Component Analyses

The three dependent measures for analyzing eye move-
ments were total reading time, proportion of fixation
duration, and number of saccades between text and il-
lustration. I first took the entire article as an AOI and
then divided it into four AOI sections: title, text, upper
illustration, and bottom illustration. Means and stan-
dard deviations for eye movement analyses are pre-
sented in Table 2.

For the whole-article analysis, the result showed
that compared with the adult group, the child group
had a significantly longer total reading time,
t(27) = 3.98, p < .001, Cohen’s d = 1.41. For the de-
tailed components of the illustrated science text, the
results showed that the child group spent a signifi-
cantly longer total reading time on the text section,
t(27) = 3.90, p < .01, Cohen’s d = 1.42. However, total
reading time did not differ significantly across both
groups for the title, upper, and bottom illustration

Means (Ms) and Standard Deviations (SDs) for Eye Movement Measures for the Child and Adult Groups on the

Science Illustrated Text

Child group (N = 14) Adult group (N = 15)
Area of interest M SD M SD t-value
Whole article
Total reading time (sec) 156.13 63.02 88.41 24.96 3.98™
Title section
Total reading time (sec) 0.90 0.88 1.02 0.95 -0.37
Proportion of fixation duration (%) 0.5 0.5 1.1 1.0 -1.20
Text section
Total reading time (sec) 129.06 62.30 63.82 18.24 3.90"
Proportion of fixation duration (%) 80 12 72 8 2.30°
Number of saccades between text and illustration 7.87 5.91 12.44 7.19 -2.55
Upper illustration section
Total reading time (sec) 22.73 11.9 21.81 9.95 0.23
Proportion of fixation duration (%) 16 10 24 8 -2.50°
Number of saccades between text and upper 5.40 4.42 10.69 6.06 -2.76
illustration
Bottom illustration section
Total reading time (sec) 3.44 3.93 1.76 1.07 1.66
Proportion of fixation duration (%) 2 3 2 1 0.57
Number of saccades between text and bottom 2.47 2.36 1.75 1.53 1.01
illustration

Note. M = mean; SD = standard deviation.
*p < .05. **p < .01. ***p < .001.
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sections, ps >.05. The child group had a significantly
larger proportion of fixation duration on the text sec-
tion, #(27) = 2.30, p < .05, d = Cohen’s 0.78; and a sig-
nificantly smaller proportion of fixation duration on
the upper illustration section, #(27) = -2.50, p < .05,
Cohen’s d = —0.88. However, both groups did not sig-
nificantly differ in the proportion of fixation dura-
tion for the title or bottom illustration sections,
ps > .05. Compared with the adult group, the child
group had significantly fewer saccades between text
and illustrations, #(27) = -2.55, p < .05, Cohen’s
d = —0.69; and between text and upper illustration,
t(27) = =2.76, p < .05, Cohen’s d = —1.00; but not for
the bottom illustration, p > .05.

Overall, it was not surprising to find that the fourth
graders needed more time to process the illustrated sci-
ence text, especially for the text section. However, it was
interesting to find that they paid less visual attention to
the upper (representational) illustration, with a lower
proportion of fixation duration. Counterintuitively, the
young students were less attracted to the illustration
than the words. This result indicated that the university
students were more likely to use important illustration
information for reading comprehension, as the younger
students’ diagram literacy appeared to still be
developing.

Analyses of Eye Fixation Sequences

To examine cognitive processes and reading strategies
of both groups, I carried out a series of sequential analy-
sis matrix calculations (Bakeman & Gottman, 1997) for
eye fixations. I divided the illustrated text into six AOIs:
the title, paragraph 1, paragraph 2, paragraph 3, upper
diagram, and bottom diagram (see Figure 1).

I first calculated the fixation transition from each of
the six AOIs to others in the illustrated text. The ad-
justed residuals are shown in Appendixes A and B. The
rows represent the starting AOI, and the columns rep-
resent the subsequent transfer AOIs. A Z-value greater
than 1.96, 2.58, and 3.36 indicated that the transfer se-
quence reached the p < .05, p < .01, and p < .001 cutoff
levels for statistical significance, respectively. The
results for both groups’ first-pass and total pathways are
subsequently reported. The first-pass pathway reflects
initial processing, and the total pathway reflects late
processing and higher order cognitive processing.

First-Pass Fixation Sequences

for Both Groups

The first-pass transition diagrams for the child and
adult groups are presented in Figure 2. The Z-value ma-
trix is shown in Appendix A. I found that both groups
had clear differences in reading paths for the first-pass
reading sequences.
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FIGURE 2
First-Pass Transition Diagrams for the Child and Adult
Groups

Title
T
Paragraph 1
% P Upper
.64 illustration
Paragraph 2 sa |l Ten
\ 4
A
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15 Bottom
Paragraph 3 - illustration
(a) Child group
Title
Paragraph 1
% P Upper
60 64 illustration
Paragraph 2
33 Bottom
Paragraph 3 . illustration
- 25
(b) Adult group

Note. The numbers beside the arrow indicators show the transition
probabilities.

The child group had three reading characteristics,
as shown in Figure 2a. First, the fourth graders tended
to locate their fixations on each paragraph of the text
and then regress to the previous paragraph (e.g., para-
graph 2 to paragraph 1, paragraph 3 to paragraph 2)
after leaving the target area. The transfer probability of



paragraph 1 to title was significantly higher than those
of other AOIs, Z = 2.94, p < .01; that of paragraph 2 to
paragraph 1 was significantly higher than those of other
AOIs, Z = 2.89, p < .01; and the transfer probability of
paragraph 3 to paragraph 2 was significantly higher
than that of other AOIs, Z = 2.52, p < .05. Further, the
child group tended to refer from the diagram to the text
after leaving the target area, but this tendency was uni-
directional, not very clear, and only evident on the
transfer from the bottom diagram to paragraph 3,
Z =2.69, p <.01. Moreover, after the first scan, the child
group tended to transfer fixations back and forth be-
tween the two illustrations. Thus, the transfer probabil-
ity of upper diagram to bottom diagram was
significantly higher than those of other AOIs, Z = 3.63,
P <.001; and the reverse, the transfer probability of bot-
tom diagram to upper diagram, was also significantly
higher than those of other AOIs, Z = 3.31, p < .01.

The adult group had very different reading charac-
teristics from the child group, as shown in Figure 2b.
First, the adult group tended to go back and forth be-
tween the title and paragraph 1. The transfer probabil-
ity of title to paragraph 1 was significantly higher than
those of other AOIs, Z = 2.52, p < .01. The reverse, the
transfer probability of paragraph 1 to title, was also sig-
nificantly higher than those of other AQOIs, Z = 3.91,
p <.001. Second, unlike the child group, the adult group
referred to text and illustration very often during the
first-pass reading. The transfer probability of upper il-
lustration to paragraph 2 was significantly higher than
those of other AOIs, Z = 2.53, p < .05. The transfer prob-
ability of bottom illustration to paragraph 3 was signifi-
cantly higher than those of other AOIs, Z = 3.73,
p < .001. The reverse, the transfer probability of para-
graph 3 to bottom illustration, was also significantly
higher than those of other AOIs, Z = 3.01, p < .01.

Total-Pass Fixation Sequences

for Both Groups

Figure 3 presents total-pass transition diagrams for the
child and adult groups. The Z-value matrix is shown in
Appendix B.

The child group had very different pathways from
the adult group for the total-pass reading, as shown in
Figure 3a. The child group reread each paragraph sev-
eral times and was more interactive for each paragraph
in the text section during the total-pass reading.
Transfer probabilities of title to paragraph 1, Z = 2.88,
p < .01; and for paragraph 1 to title, Z = 6.59, p < .001,
were higher than those of other AOIs. Transfer proba-
bilities of paragraph 1 to paragraph 2, Z = 5.27, p < .001;
and its reverse, paragraph 2 to paragraph 1, Z = 2.19,
p < .05, were higher than those of other AOIs. Also,
transfer probabilities of paragraph 2 to paragraph 3,

FIGURE 3
Total-Pass Transition Diagrams for the Child and Adult
Groups
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Note. The numbers beside the arrow indicators show the transition
probabilities.

Z =3.09, p < .01; and in reverse, paragraph 3 to para-
graph 2, Z = 5.28, p < .001, were higher than those of
other AOIs. The two groups also tended to transfer fixa-
tions back and forth between the two diagrams,
Z =3.68,p <.001; and Z = 4.18, p < .001, respectively.
The adult group had a similar pathway in the first-
and total-pass readings, as shown in Figure 3b. The
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older readers would refer to the relevant parts of text
and illustration more often; that is, paragraph 2 was re-
lated to upper illustration, and paragraph 3 was related
to bottom illustration. The transfer probability of para-
graph 2 to upper illustration was significantly higher
than those of other AOIs, Z = 4.25, p < .001. The reverse,
the transfer probability of upper illustration to para-
graph 2, was also significantly higher than those of
other AQOIs, Z = 5.97, p < .001. The transfer probability
of paragraph 3 to bottom illustration was significantly
higher than those of other AOIs, Z = 5.25, p < .001. The
reverse, the transfer probability of bottom illustration
to paragraph 3, was also significantly higher than those
of other AOIs, Z =4.92, p <.001.

Overall, the child and adult groups demonstrated
very different reading paths while reading the illus-
trated science text both in the first- and total-pass read-
ings. The younger readers rarely linked the information
between multiple representations of text and illustra-
tion but focused on information within one representa-
tion of text or illustration. However, the older readers
related the information between multiple representa-
tions of text and illustration very often but seldom
reread information within the text paragraphs.
Moreover, this study had two interesting findings. Both
groups were aware that the relation between title and
paragraphs was crucial for reading comprehension, so
they reread the tile and paragraph 1 very often. Further,
because the fourth-grade readers had a high reading
comprehension ability, they were able to monitor their
reading comprehension and developed a rereading
strategy when their reading comprehension suffered.
This is supported by their significantly higher transi-
tion scores within each of the three paragraphs. Adults
did not perform rereading sequences, as the article—
selected from a fifth-grade science textbook—was easy
to comprehend.

Discussion

The present study investigated learning strategies in-
volved in reading an illustrated biology text among
fourth-grade students with high reading ability and
adult readers. I was interested in examining not only
the conscious cognitive processes operating when read-
ing illustrated science texts but also the automatic,
unconscious learning outcomes.

An important advancement of this study was that I
attempted to overcome the limitations of previous re-
search. First, I used eye-tracking technology and se-
quential analysis as statistical methods to investigate
young readers’ cognitive processes and reading strate-
gies when reading illustrated scientific texts. Previous
research on reading illustrated texts that used eye
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tracker technology drew inferences about cognition
from measurements of fixations (e.g., total reading
time) or locations (e.g., proportion of fixations on AOIs;
Hannus & Hyo6nd, 1999; Mason et al., 2013). In the pres-
ent study, I analyzed these indicators in addition to
sequences of eye fixations by conducting sequential
analyses of transition probabilities from all AOIs (title,
paragraph 1, paragraph 2, paragraph 3, upper diagram,
and bottom diagram) in relation to each other. This
method was identical to my prior research (Jian et al,,
2014), using multiple eye movement indicators and
sequential analysis of eye fixations to provide conver-
gent evidence to infer the nature of cognitive processing
when reading illustrated texts. Second, this study pro-
vided diagrammatic illustrations to evaluate graphic
memory and comprehension, making substantial con-
tributions to the graphic reading research domain. Few
previous studies used comprehension tests designed
specifically to evaluate graphic memory or comprehen-
sion (Hannus & Hyond, 1999; Mason et al., 2013).
Moreover, none had made a detailed inquiry of pro-
cesses involved in reading illustrated text among young
students.

As predicted by hypothesis 1 (on the effect of illus-
tration on text reading and comprehension), I found
that university readers emphasized the role of illustra-
tion more than the fourth-grade students did. In par-
ticular, for the representational illustration, the former
paid more visual attention to the representational illus-
tration and referred to both representations of text and
illustration more frequently to remember and compre-
hend science concepts conveyed in the article. This con-
clusion is supported by the higher proportion of fixation
durations on the representational illustration, more sac-
cades between text and illustration, and better scores on
all items (recognition, textual, and illustration) in the
reading comprehension test obtained by the university
readers, as compared with the fourth-grade students.
The finding that young students seldom use illustrated
information for reading comprehension was similar to
previous findings. When using eye-tracking technol-
ogy, Hannus and Hy6na (1999) found that regardless of
ability, fourth-grade readers only spent approximately
6% of fixation durations on several illustrations accom-
panying the article on biology. Similarly, compared
with studies using think-aloud protocols (Moore &
Scevak, 1997; Norman, 2012), Moore and Scevak found
that fifth-grade students focused on detailed informa-
tion in the text but seldom read visually represented in-
formation in the illustrated science text. Further,
Norman showed that even for high-ability young read-
ers, behaviors of viewing diagrams or illustrations and
reading comprehension were apparently unrelated.
These studies implied that diagram literacy typically
shows slower development than word recognition



abilities (Kress & van Leeuwen, 1996; McTigue, 2009;
McTigue & Flowers, 2011).

As predicted by hypothesis 2 (on reading strategies
and cognitive processes of text and illustration compre-
hension), I confirmed that the younger and older readers
demonstrated different cognitive processes. The results
of transition probabilities and sequential analyses of eye
fixations showed that whereas university students dem-
onstrated bidirectional reading pathways between text
and illustrations in both the first- and total-pass reading
stages, the fourth-grade students demonstrated unidi-
rectional reading pathways using only one representa-
tion, either text or illustration. Adult readers were
capable of selecting, organizing, and integrating relevant
information from the text and graphics to finally con-
struct a coherent mental representation of the illustrated
text. However, fourth-grade students were unable to link
information from both text and illustration representa-
tions to aid concept acquisition. This may be because the
fourth graders’ reading strategies were not mature
enough to perceive the connections between the infor-
mation in the text and the diagram that are crucial for
constructing multiple representations in their mental
model. This implies that the principles of multimedia
learning (Mayer, 2005) and the text and picture compre-
hension theory (Schnotz & Bannert, 2003) cannot be
generalized to young readers. This conclusion is consis-
tent with McTigue’s (2009) findings.

Furthermore, on comparing first- and total-pass
pathways for both groups, I found interesting and
unique characteristics. The adults’ reading strategies
were very stable from the beginning to later reading
stages, whereas the fourth graders demonstrated vari-
able reading strategies between the two reading stages.
Moreover, the adult readers were capable of using rele-
vant information from the text and illustration at both
the first- and total-pass reading stages. The university
students went back and forth between the second para-
graph, which described the parts of a flower and its
functions, and the upper illustration, which depicted the
structure of a flower, to understand the parts of a flower
and the functions of each component. These readers also
went back and forth between the third paragraph and
the bottom illustration to understand bee pollination.
The adult readers recognized that the relation between
the title and the text was important, as evidenced by
their repeated eye movement patterns between the title
and the first paragraph at both reading stages.

In contrast, for the fourth-grade students, the read-
ing strategy differed between stages. The first-pass
reading stage reflected initial processing, and the total-
pass reading stage reflected late processing and higher
order cognitive processing during reading (Jian et al,,
2014; Mason et al., 2013). The most apparent character-
istic was that at the first-pass reading, they tended to

fixate on each paragraph of the text and then regress to
the previous paragraph after leaving the target area
(e.g., paragraph 1 to title, paragraph 2 to paragraph 1,
paragraph 3 to paragraph 2); however, at the total-pass
reading, they went back and forth between only con-
tiguous paragraphs, with no jumps from the third to
the first paragraph or the reverse. This regression to a
previous paragraph indicates that the young readers
may have been aware that they did not understand the
text or were attempting to integrate previous informa-
tion with the present text (Rayner, 1998). These find-
ings suggest that the young participants with high
reading ability in this study monitored their reading
comprehension from the beginning to late reading
stages but organized the partial pieces of detailed in-
formation between paragraphs into a sophisticated
concept only in the late processing stage (Kintsch &
van Dijk, 1978).

Despite differences in cognitive processes between
older and younger readers, high-ability young readers
still have skill in reading comprehension. For example,
young readers looked back to previous paragraphs, in-
dicating that they were monitoring their comprehen-
sion status. Further, young readers spent a similar
reading time on the title and illustration sections com-
pared with adult readers. This suggests that high-ability
fourth graders can pay attention to important parts of
illustrated text but that the distribution of text and il-
lustration attention differed between groups. Moreover,
although older readers outperformed younger readers
on all reading test items, the accuracy of recognition
items, textual items, and illustration items reached
72-77% in the fourth graders. This indicates that high-
ability fourth-grade readers still gained some science
knowledge from reading the article.

Conclusions, Implications,
and Limitations

According to the cognitive theory of multimedia learn-
ing (Mayer, 2005), to successfully acquire new science
knowledge by reading illustrated texts, a reader needs to
decode, organize, and integrate the multiple representa-
tions of verbal and graphical information. Particularly
in science reading, students are frequently exposed to
visual displays of information in textbooks and popular
science articles (Cook, 2006; Ferk et al., 2003; Pozzer &
Roth, 2003; Slough et al., 2010). The present study dem-
onstrated that the fourth-grade students relied more on
text information rather than the illustration to learn
scientific knowledge regarding a flower’s structure,
function, and pollination. Therefore, I found that the
visual literacy of fourth-grade readers for science illus-
trations was limited.
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This study had several implications for the disciplin-
ary literacy debate and for education. First, there is a hot
debate (Collin, 2014) on how to teach content area liter-
acy at present, a strategies approach versus a disciplinary
approach. The former focuses on general practices of
reading and writing, emphasizing continuities across
content areas and promoting common strategies for lit-
erate work in different subjects, and the latter attunes to
the particular discourse of particular domains, empha-
sizing the ability to read like a scientist. Although the
present study did not solve the debate, few participants
in that debate have studied how different kinds of sci-
ence texts ask students to process print and pictorial in-
formation in different ways. From the observation of the
young participants’ eye movements, my viewpoint was
consistent with Collin’s and with Fagella-Luby, Graner,
Deshler, and Drew’s (2012). I do not think that most
young readers are capable of reading or thinking like
scientists, even when receiving formal diagram literacy
instruction.

Second, because the younger students in the present
study had a lower proportion of fixation duration than
did the adult readers, this suggests that teachers should
encourage elementary school students to spend more
time on reading important illustrations to grasp whole-
part spatial relations to deepen the representation pre-
served in their mental image. Third, young readers
seldom refer to both representations of text and illustra-
tion, which may partially explain why their learning
outcomes for scientific knowledge were poorer than
that of adult readers. Teachers should deliberately train
their elementary school students to notice relevant rela-
tions between text and illustration and combine both
verbal and pictorial representations to remember and
comprehend scientific information better, as suggested
by the dual coding theory (Paivio, 1990).

In Taiwan’s elementary schools, most teachers are
not aware of the importance of diagrams and do not
emphasize teaching their students how to read
diagrams. Instead, teachers rely on text information to
explain scientific concepts to their students. However,
most articles consist of multiple representations, both
verbal and pictorial. Therefore, developing diagram lit-
eracy instruction in conjunction with printed text com-
prehension for young readers is an important and
urgent goal in reading instruction. For example, teach-
ers modeling their thinking processes are an effective
method of instruction for young students to learn a new
reading skill (Brown, Palincsar, & Armbruster, 2004).
Further research on science reading involving illus-
trated text can investigate how the teacher’s modeling
behavior for selecting, organizing, and integrating both
text and illustration can change young students’ cogni-
tive processes and reading strategies for comprehend-
ing illustrated text, which in turn could promote young
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readers’ abilities to read for learning new scientific
knowledge and concepts.

Further, consideration of how to construct texts for
elementary-age children is another way to improve
young readers’ diagram literacy. Scheiter and Eitel
(2015) found that designed signals for semantically rel-
evant information from the text and diagram sections
in illustrated science texts benefited undergraduate
readers in their integration of information from text
and diagram elements. Further research should investi-
gate whether this facilitation has the same effect for
young readers. For example, design signals in the text
should refer to the relevant diagram section (e.g., the
same color marked on the words in the text and its rel-
evant concept on the diagram section). Then, we could
examine whether this influences young readers to refer-
ence illustrations and their relevant concepts within the
text more frequently and, ultimately, whether this ben-
efits learning outcomes.

Although this study provided theoretical and re-
search contributions, as mentioned previously, it also
had some limitations, which future research should ad-
dress. First, this study found that diagram literacy
seems to develop more slowly as compared with word
recognition abilities. This phenomenon is consistent
with previous research (Kress & van Leeuwen, 1996;
McTigue, 2009; McTigue & Flowers, 2011). However,
this study was limited in that I could not determine
whether this was due to young readers being incapable
of doing it at the fourth-grade reading level or a result of
not receiving formal instruction on comprehending di-
agrams prior to fourth grade. Future research can de-
sign an experiment manipulating diagram literacy
instruction to address this question.

Second, I did not design integrative items for mea-
suring readers’ integration of written textual material
with the illustrations. Therefore, it was difficult to as-
sess the degree to which young readers’ lesser move-
ments between written text and illustrations negatively
affected their comprehension. Future research can add
these test items (using either yes/no items or essay ques-
tions) to measure the degree to which participants inte-
grate textual and pictorial information while reading an
article.

Third, this study did not control domain knowl-
edge of the participants, and it is reasonable to assume
that the college students had considerably higher do-
main knowledge relevant to the text than did the
fourth-grade students, whose curriculum had not yet
covered this fifth-grade topic. Therefore, I cannot de-
termine whether adult-child differences in this case
were true developmental differences in graphics pro-
cessing, differences in domain knowledge, or some
combination of both. Future research can design an
experiment to confirm the cause of this effect. For



example, to confirm whether the adult-child differ-
ences were due to developmental differences in graph-
ics processing, future research can design two different
reading materials for adult readers and child readers,
ensuring that both articles are unfamiliar or un-
learned for both groups. In contrast, to confirm
whether the adult-child differences were due to dif-
ferential domain knowledge about the reading mate-
rial, future research should include fourth-grade
readers with high and low domain knowledge about
the reading material.

Finally, only an article on biology was used as the read-
ing material, so we must exercise caution in generalizing
the findings to the reading of multiple texts on other scien-
tific topics. Further research should use different scientific
topics to investigate the generalizability of the findings.
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APPENDIX A

Z-VALUE Matrix of the First-Pass Sequences for the Child and Adult Groups

Target area of

interest (AOI) Upper St
Starting AOI Title Paragraph 1 Paragraph 2 Paragraph 3 illustration illustration
Child group

Title — 1.86 -1.96 -0.69 1.51 -1.73
Paragraph 1 2.94" — 1.55 -0.73 -1.52 -1.83
Paragraph 2 1.56 2.89" — -0.65 -1.96 -0.78
Paragraph 3 -1.44 -2.26 2.52 — -1.37 0.71
Upper illustration -1.52 -0.41 -0.91 -0.73 — 3.63"
Bottom illustration -1.52 -1.73 -1.52 2.69" 3.317 —
Adult group

Title — 2.52 -1.62 -0.97 -0.02 -0.48
Paragraph 1 3.91™ — 0.75 -0.97 -2.10 -1.41
Paragraph 2 0.79 2.84" — -1.02 -0.86 -1.48
Paragraph 3 -2.03 -2.61 -0.08 — 1.15 3.01"
Upper illustration -0.47 -1.86 2.53° -0.97 — 0.45
Bottom illustration -2.13 -0.98 -1.42 3.73" 1.58 —

*p < .05. **p < .01. ***p < .001.

APPENDIX B

Z-VALUE Matrix of the Total-Pass Sequences for the Child and Adult Groups

Target area of
interest (AOI)

Upper Bottom
Starting AOI Title Paragraph 1 Paragraph 2 Paragraph 3 illustration illustration
Child group
Title — 2.88" -2.37 -0.95 1.86 -0.82
Paragraph 1 6.59™ — 5.27" -3.70 -3.15 -2.70
Paragraph 2 -2.05 2.19" — 0.92" -0.42 -3.64
Paragraph 3 -1.92 -3.22 5.28™ — -2.71 1.07
Upper illustration -1.50 -2.17 0.88 -1.00 — 3.68™
Bottom illustration -1.52 -2.40 -2.62 1.30 4.18™ —
Adult group
Title — 5.93™ -1.33 -1.77 -1.12 -0.22
Paragraph 1 9.15™ — 2.56" -2.72 -3.46 -2.20
Paragraph 2 -2.61 0.61 — -2.10 4.25™ -4.92
Paragraph 3 -1.87 -2.76 0.39 — 0.00 5.25™
Upper illustration -3.16 -4.67 5.97" -1.07 — 0.43
Bottom illustration -1.51 -0.61 -2.21 4.92™ -0.23 —

**p < .01. ***p < .001.
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