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ABSTRACT

In two reading experiments, we examined the efficacy of the commercial reading assistance application BeeLine
Reader which colours the letters of digital texts in gradients. According to its developers, BeeLine Reader in-
creases reading speed, improves comprehension, and makes reading more enjoyable. We tested these hypotheses
for second- and third-grade pupils (6-9 years old), assessing the influence of BeeLine Reader in several layouts in
which we varied other features that are known to impact the reading processes of beginning readers (line
spacing, line length, text segmentation). In comparison to control texts with a standard black font, reading time
advantages for BeeLine texts emerged for pupils in second grade (not in third grade) when they read texts with
long lines and little inter-line spacing. However, when second-grade readers processed texts that were optimized
for their reading level (texts with short lines and sufficient inter-line spacing) they displayed a slower reading
pace in texts with a BeeLine font than in texts with a black font. Furthermore, BeeLine texts may hamper
comprehension for third-grade readers and were rated as more difficult and less convenient to process than texts
with a black font. In conclusion, the visual anchors offered by BeeLine Reader may be useful for some beginning
readers in some situations but the application can also impede the readability of texts. These findings emphasize
that claims made for digital reading applications should be formally tested if they are going to be introduced into

educational settings.

1. Introduction

There are numerous digital tools to improve the readability of a text
by modifying its visual appearance or presentation mode. Although
these reading applications differ in their approach to optimize the
reading routines of people, they do share a common ground: they are
designed to enhance visual word recognition and oculomotor control by
reducing visual distraction and increasing the reader’s focus on what is
being read. Perhaps the best-known example in the academic literature
is Spritz (e.g., Benedetto et al., 2015; Ricciardi & Di Nocera, 2017)
which offers the possibility to present a digital text in a word-by-word
fashion, reducing (or even eliminating) the necessity to plan and
execute saccades during reading (the rapid jumps of the eyes between
fixations). Another example — and the main topic of the current study - is
BeeLine Reader. BeeLine Reader is a charged application that adds
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colour gradients to digital texts (e.g., websites, pdf files), yet maintains
the overall layout (e.g., line spacing, line length, font type) of the
original texts (see Fig. 1). According to its developers, the colour mod-
ifications generated by BeeLine Reader should allow for smooth transi-
tions across lines of text (return sweeps).

Scholars of reading research tend to criticize — or in some cases even
ignore - the design features of digital reading applications such as BeeLine
Reader. In their view, these applications violate well-known principles of
reading and developers often fail to put their applications to the empirical
test (see e.g., Benedetto et al., 2015; Rayner et al., 2016). This line of
criticism is accurate, yet, in our opinion the rapid developments in digital
text design should receive more attention. First, some reading assistance
applications are already implemented in major software packages and
should be studied more systematically. Second, the design features of
many digital reading applications raise crucial questions on fundamental
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principles of reading. In fact, if we ignore current developments, we are
ignoring the very nature of ‘next generation reading’.

To avoid this pitfall, current and future research on the readability of
digital texts should address the following issues. First, controlled ex-
periments need to be carried out to determine which design principles of
digital reading applications streamline reading and improve text
comprehension — or hamper reading, for example because the applica-
tions increase the cognitive load of readers or distract readers, thereby
inducing shallow, mindless reading (cf. Benedetto et al., 2015). Second,
it is important to identify the types of readers that will benefit from texts
with an alternate layout, for example because simplified layouts may be
particularly beneficial for beginning or struggling readers but perhaps
less so for more advanced readers (cf. Koornneef et al., 2019; Schneps,
2015; Schneps et al., 2010; Schneps, Thomson, Chen, et al., 2013;
Schneps, Thomson, Sonnert, et al., 2013). In the present study, we
address these issues for the digital tool BeeLine Reader; its efficacy with
respect to reading speed and comprehension accuracy is examined in
two computerized reading experiments with young, beginning readers.

1.1. Streamlining the eye movements of beginning readers with BeeLine
Reader?

To become proficient readers, children must learn how to move their
eyes over a text efficiently, to rapidly translate the abstract visual in-
formation on a page into a meaningful mental representation. Although
the mechanisms that underlie the eye movements of developing readers
are still not fully understood (Kim et al., 2019), it is well-known that the
reading patterns of beginning readers differ from the patterns of (pro-
ficient) adult readers: (1) children read more slowly; (2) children make
shorter saccades and display lower word skipping rates; (3) children
fixate and re-fixate words more frequently; (4) children’s fixation du-
rations are longer; and (5) children show higher regression probabilities
(for reviews see e.g., Blythe, 2014; Blythe & Joseph, 2011; Schroeder
et al., 2015). Beginning readers also behave differently from adult
readers when they move their eyes from the end of one line to the
beginning of the next line. Although these return-sweep saccades have
not received the same amount of attention in the literature as other
aspects of eye-movement behaviour (Parker et al., 2019), several find-
ings are noteworthy. First, children’s return sweeps more often require a
corrective saccade (Netchine et al., 1983). Second, beginning readers do
not show a reduction in gaze duration for line-final words, but adult
readers do (Tiffin-Richards & Schroeder, 2018). Third, relative to adult
readers children launch their return sweeps closer to the right margin
and their landing positions are closer to the left margin — yet they still
initiate corrective saccades more frequently (Parker et al., 2019).
Together these results suggest that return sweeps become more accurate
and more efficient through practice and experience.

An appealing hypothesis is that the eye movements of beginning and
struggling readers can be optimized (e.g., approaching a more adult-like
pattern) by altering the layout of a text. As a result, additional cognitive
resources should become available for higher-order comprehension
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processes such as monitoring, integration, and inference generation (e.
8., Koornneef et al., 2019; Schneps et al., 2010; Schneps, Thomson,
Chen, et al., 2013; Schneps, Thomson, Sonnert, et al., 2013). BeeLine
Reader was designed with that aim in mind. The colour gradients of
BeeLine Reader should ‘pull’ the eyes from one line to the next by
ensuring that the end of one line and the beginning of the next are
coloured similarly (BeeLine Reader, 2021; see Fig. 1). The developers
claim on their website that by using this ‘simple cognitive trick’ reading
will be ‘easier, faster, and more enjoyable’ because it ‘facilitates visual
tracking and enables the reader to focus on other aspects of reading such
as decoding and comprehension’. However, some words of caution are
warranted.

First, although several scholars discuss BeeLine Reader in their work
(Rayner et al., 2016; Rodrigue, 2017; Schneps, 2015) there are no
published peer-reviewed studies on how BeeLine Reader affects the
readability of texts and the eye-movement behaviour of readers.

Second, BeeLine Reader is designed to minimize the demands on
visual tracking and oculomotor control during reading. However, there
is an ongoing debate on whether these factors constrain reading devel-
opment because difficulties in eye-movement behaviour may also stem
from children’s immature linguistic skills (Blythe, 2014; Blythe & Jo-
seph, 2011; Huestegge et al., 2009; Schroeder et al., 2015). For example,
according to Schroeder et al. (2015) children and adults do not differ
much in terms of their efficiency of oculomotor control and we can only
understand the developmental changes in eye movements if we know
how cognitive systems associated with word recognition (and other as-
pects of language processing) mature and impact eye-movement
behaviour.

Third, the colour gradients of BeeLine Reader generate a somewhat
disorganized text layout and may hamper reading, for several reasons.
For example, in the default settings of BeeLine Reader the colours red,
blue, and black are used on a light-coloured (white) background. Legi-
bility research on digital texts suggests that it may be better to use a
black font on a white background than a blue or red font on a white
background (Humar et al., 2008, 2014). In addition, there is some evi-
dence that the use of different font colours within a word slows down
reading, induces more reading errors, and impedes comprehension
(Pinna & Deiana, 2018). Furthermore, research on coloured overlays
suggests that the colour red has a detrimental effect on reading (Wil-
liams et al., 1992) — although blue overlays may improve reading
(lovino et al., 1998; Williams et al., 1992) and, moreover, studies on
coloured overlays are controversial (Henderson et al., 2013). Another
reason to be sceptical about the efficacy of BeeLine Reader is that the
sections of a text that are coloured similarly are not necessarily linked in
a meaningful way (e.g., readers may erroneously assume that all red
sections in a text are connected to each other). As a final point, readers
do not move their eyes smoothly over a text. Instead, eye movements are
somewhat erratic and consist of rapid saccade-fixation sequences. In this
view, it is not obvious how smooth transitions from one colour to the
next would guide eye movements during reading.

focus better.

Read Faster and Easier, All Day Long

Suffering from screen fatigue? We’re here to help! BeelLine Reader makes
reading on-screen easier, faster, and more enjoyable. We use a simple
cognitive trick — an eye-guiding color gradient — to pull your eyes through
long blocks of text. This helps you read more effectively and maintain your

Fig. 1. An example of a BeeLine Reader layout as
presented on the BeeLine Reader website (www.
beelinereader.com). In addition to the default set-
tings ‘Bright’ (i.e., gradients of black, blue, and red)
as demonstrated here, readers can opt for other pre-
arranged settings such as ‘Blues’ (black, blue, pur-
ple) and ‘Grey’ (solely gradients of grey) or customize
the settings by choosing their own colour gradients.
Reprinted from the BeeLine Reader website. Copy-
right 2017 by BeeLine Reader. Reprinted with
permission. (For interpretation of the references to

colour in this figure legend, the reader is referred to
the Web version of this article.)


http://www.beelinereader.com
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1.2. The present study

The main aim of the present study was straightforward: given the
potential benefits and drawbacks of texts that are coloured in a gradient,
we examined whether BeeLine Reader allows beginning readers to
obtain a higher reading pace and improves their comprehension of a
text, or hampers reading instead. In addition, we examined how the
influence of BeeLine Reader on reading speed and comprehension in-
teracts with the effects of other more traditional layout interventions
that are used to improve the readability of texts for beginning readers,
namely line spacing, line length, and text segmentation (we elaborate on
these layout factors in Sections 2 and 3, respectively).

The reason for including additional layout manipulations was
twofold. First, the effects of readability interventions are intertwined
and many typographers stress that the efficacy of a layout variable
cannot be assessed in isolation but should be studied together with other
layout variables to avoid producing confounded results (Dyson, 2004;
Joo et al., 2018). Second, by studying potential interaction effects, we
can better contemplate how BeeLine Reader impacts reading. That is, if
BeeLine Reader has a widespread positive impact on eye-movement
behaviour, then you would expect that its benefits arise in many
different text layouts. Alternatively, if BeeLine Reader specifically tar-
gets one aspect of eye-movement behaviour then you would expect more
isolated effects — for example, if BeeLine Reader is particularly useful to
make complex return sweeps more efficient, benefits should be observed
more readily in dense layouts with long lines and little inter-line spacing
(see Section 2 below).

Two experiments were conducted. In both experiments, we pre-
sented texts with a black font and texts with a BeeLine font (i.e., the
letters were coloured in a gradient by adopting the algorithms of
BeeLine Reader) to second- and third-grade readers in primary school.
The reading times for the texts were recorded and each text was followed
by a series of comprehension questions. In addition to this within-
participants factor, both experiments included a between-participants
factor. In Experiment 1, the effects of BeeLine Reader were examined
for four layouts in which line length and inter-line spacing were varied
(see Fig. 2). In Experiment 2, the effects of BeeLine Reader were
examined for texts with a continuous layout (sentences continue on the
same line as far as page width allows) and a segmented, discontinuous
layout (line breaks in the middle of a sentence are removed as each
sentence starts on a new line; see Fig. 6). Many scholars have pointed out
that design decisions on the layout variables line spacing, line length,
and segmentation will have an influence on the eye-movement behav-
iour of readers (e.g., Dyson, 2004; Evers-Vermeul, 2020; Koornneef
et al., 2019; Levasseur et al., 2006; Schneps, Thomson, Sonnert, et al.,
2013; Vanderschantz, 2008; Walker et al., 2018). Hence, examining the
influence of BeeLine Reader on reading in combination with these layout
variables will present interesting test cases for the hypothesis that the
application ‘facilitates visual tracking’ and ‘pulls the eyes from one line
to the next’ (BeeLine Reader, 2021).

2. Experiment 1

In Experiment 1, we examined the potential benefits and drawbacks
of BeeLine Reader together with the layout variables line spacing and
line length. A brief overview of several important principles and
empirical findings that are related to these design features is provided
below.

Line spacing is known to affect the readability of a text (Bernard et al.,
2007; Blackmore-Wright et al., 2013; Calabrese et al., 2010; Chung,
2004; Chung et al., 2008; Katzir et al., 2013; Ling & van Schaik, 2007;
Madhavan et al., 2016; Rello et al., 2016). More specifically, reading

Computers in Human Behavior Reports 6 (2022) 100197

pace increases as a function of enhanced line spacing, presumably by
decreasing the adverse effect of visual crowding” between adjacent lines
(Bernard et al., 2007; Chung, 2004). The advantages that are attributed
to increased line spacing closely mirror the potential advantages of
BeeLine Reader. First, it will be relatively easy for readers to keep their
focus on the line that they are reading and, hence, they can avoid that
their eyes move from a word on one line to the next word on adjacent
lines (Vanderschantz, 2008). Second, it will also improve the accuracy of
a return sweep as the target of this long-distance saccade is detected
with less effort (Madhavan et al., 2016; Vanderschantz, 2008). Due to
these advantages, low-vision patients, dyslectic readers, and children
might benefit the most from increased line spacing (cf. Blackmore--
Wright et al., 2013; Madhavan et al., 2016; Walker et al., 2018).

With respect to the typographic feature line length there is consensus
that reading is disrupted if lines are either too long or too short. On the
one hand, return sweeps are difficult if lines are too long because long
lines increase the probability that readers will not arrive at the begin-
ning of the next line, or end up on the wrong line (Dyson & Haselgrove,
2001; Nanavati & Bias, 2005; Rayner & Pollatsek, 1989). As a result,
readers are forced to make a corrective eye movement to avoid
re-reading the same line or omitting lines of text. Furthermore, long lines
not only affect reading rate and eye movement patterns, but they
potentially affect comprehension because complex return-sweep ma-
noeuvres may have a detrimental effect on readers’ concentration
(Dyson & Haselgrove, 2001). On the other hand, inefficient reading may
also occur if lines are too short. When reading short lines of text, readers
are unable to establish regular rhythmic eye movements as they cannot
exploit in full their peripheral vison and tend to decrease their saccade
length, make more fixations, and increase the duration of these fixations
(Dyson & Haselgrove, 2001; Rayner & Pollatsek, 1989). Based on these
hypotheses on the advantages and drawbacks of long and short lines,
moderate line lengths generally are recommended for optimal reading
(Dyson & Haselgrove, 2001; Nanavati & Bias, 2005).

2.1. Goals and predictions

According to its developers, BeeLine Reader facilitates visual
tracking and enables beginning readers to focus more on important as-
pects of reading such as decoding and comprehension. In a computer-
ized reading experiment where second- and third-grade readers (6-9
years old) read texts with black and BeeLine fonts, we tested this hy-
pothesis for four different layouts (see Fig. 2): (1) a layout with single-
line spacing and a wide text window (abbreviated as Single-Wide); (2)
a layout with single-line spacing and a narrow text window (Single-
Narrow); (3) a layout with increased line spacing and a wide text win-
dow (Increased-Wide); (4) a layout with increased line spacing and a
narrow text window (Increased-Narrow). We predicted that any bene-
ficial effects of BeeLine Reader (i.e., faster reading, improved compre-
hension) should most likely occur for texts with a Single-Wide layout
because this crowded configuration requires the most complex return-
sweep saccades and increases the probability that readers lose track of
the line that they are reading. No, or more modest, positive effects of
BeeLine Reader were predicted for Single-Narrow and Increased-Wide
layouts in which the settings for, respectively, line length and line
spacing were better suited for beginning readers. Finally, BeeLine

2 visual crowding occurs when objects — notably abstract symbols such as
letters — appear close together which makes it difficult to identify their indi-
vidual features when perceived in the peripheral regions of the visual field
(Pelli & Tillman, 2008). It is an important factor to take into account because
crowding is intimately linked to the allocation of spatial attention (Petrov &
Meleshkevich, 2011) and known to affect reading speed (Pelli & Tillman,
2008). This may hold in particular for children because there is evidence that
they are influenced more by crowding phenomena than adults (Jeon et al.,
2010).
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Reader should be least effective for the layout that was fully customized
for children, containing short lines and sufficient inter-line spacing
(Increased-Narrow layout).

After completing the reading experiment, the children filled out a
questionnaire in which they rated the use of black and gradient-coloured
fonts on the following dimensions: comprehension, difficulty, conve-
nience, and enjoyment. Thus, in addition to obtaining reading time and
comprehension measures, we evaluated BeeLine Reader by probing
readers’ perceptions of the readability of gradient-coloured texts.

2.2. Materials and methods

2.2.1. Participants

Participants were 174 pupils (94 girls; mean age 7.4 years; range
6-9) in Grades 2 (98 children) and 3 from 9 primary schools in the
Netherlands.® In both experiments reported in the present study, the
children had no diagnosed behavioural and/or attentional problems,
and normal or corrected-to-normal vision. The parents or guardians
signed a letter of active consent before testing. The children received an
eraser after testing.

2.2.2. Design and procedure

All procedures were approved by the Leiden University Institute of
Education and Child Studies ethics committee (project number ECPW-
2019/237) and conducted in accordance with the Declaration of Hel-
sinki. The freely accessible server (password protected) Ibex Farm
(version 0.3.9; Drummond, 2018) and its supplementary software were
used to run the reading experiment on a laptop or desktop at the schools
of the participants. The experiment ran in the full-screen modus of an
internet browser (Google Chrome) and consisted of two main blocks.
Both blocks started with a practice text to familiarize the participants
with the stimuli in each block. The practice phase of a block was fol-
lowed by a testing phase in which the children read two texts for
comprehension (one narrative text, one expository text). The texts were
presented in their entirety in a white (initially empty) text box on a blue
background, using a sans-serif font. In one of the blocks, the texts were
presented in a black font (Black condition). In the other block, the lines
of the texts were coloured in a gradient by adopting the procedures of
BeeLine Reader, ensuring that the end of one line and the beginning of
the next were coloured similarly (BeeLine condition). In a BeeLine
pathway the colour of the letters gradually changed from black to blue
on the first line, from blue to black on the second line, from black to red
on the third line, and from red to black on the fourth line — note that this
cycle was repeated multiple times for each text (see Fig. 2 for examples
of the BeeLine stimuli). During the experiment, the children were
instructed to make a text appear on the computer screen by selecting a
link labelled ‘START’ located directly below the text box. They did so by
operating a mouse with their dominant hand, activating the link by
clicking the left mouse button with their index finger. When the children
finished reading the text, they clicked on the link again, which now was
labelled as ‘KLAAR’ (‘finished’), to proceed to the comprehension
questions.” The elapsed time between the two mouse clicks was recor-
ded to obtain the total reading time for a text. After each text, six
comprehension questions appeared on screen, one by one. The test
leader read out aloud the questions and recorded the answers of the
child (see Fig. 3 for an overview of a single trial).

There were four versions of the experiment (see Fig. 2): (1) Single-

3 The initial sample consisted of 177 participants. The results of three par-
ticipants were removed from the dataset because they did not follow the in-
structions of the test leaders.

4 Before the experiment started, the test leader verified whether the partici-
pant was able to operate the mouse skilfully. If that was not the case, the test
leader operated the mouse and participants indicated verbally whether they
were ready to start reading the text and when they finished reading the text.
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Wide version with 42 participants; (2) Single-Narrow version with 44
participants; (3) Increased-Wide version with 44 participants; (4)
Increased-Narrow version with 44 participants.® Line spacing was set to
1.0 lines for the single-line spacing conditions and to 1.5 lines for the
conditions with increased line spacing. The texts with a narrow window
covered 12-13 lines and each line contained on average 10.1 words. The
texts with a wide window covered 7-8 lines and each line contained on
average 15.9 words. In each version of the experiment, the ordering of
the two experimental blocks and the four critical texts was rotated across
four counterbalanced lists. Participants were randomly assigned to one
of those lists. After completion of the reading task, the participants filled
out a questionnaire (see Section 2.2.4 below). The questionnaire was
presented digitally with Ibex Farm. The duration of a full test session was
20-40 min.

2.2.3. Texts and comprehension questions

The content of the texts was identical to the stimuli that were
designed for a previous study (Koornneef et al., 2019). The stimuli
consisted of six age-appropriate texts, including the two practice texts.
The four critical texts consisted of two expository texts (one about the
social structure of a community of lions and one about the human
skeleton) and two narrative texts (one about children who play
hide-and-seek at school and one about siblings who encounter a problem
with their sister’s tablet). The texts consisted of 19 sentences and their
average length was 124 words (range: 117-132 words). To assess text
comprehension, six questions of different types were posed after each
text (i.e., questions tapping literal information, text-based questions
requiring a text-connecting inference, and knowledge-based questions
requiring a ‘gap-filling’ inference; see e.g., Cain & Oakhill, 1999). The
answers of the children were scored as correct or incorrect, based on a
strict coding protocol.

2.2.4. Questionnaire

Using 5-point Likert scales, the participants provided separate rat-
ings for the Black and BeeLine texts on four dimensions. First, they
indicated how convenient it was for them to read Black and BeeLine
texts (1 = not convenient at all; 5 = very convenient). Second, they rated
how difficult it was for them to read Black and BeeLine texts (1 = not
difficult at all; 5 = very difficult). Third, they rated how enjoyable it was
for them to read Black and BeeLine texts (1 = not enjoyable at all; 5 =
very enjoyable). Fourth, they rated their perceived level of compre-
hension for Black and BeeLine texts (1 = very low comprehension; 5 =
very high comprehension).

2.3. Results

2.3.1. Reading experiment

For one participant, data of a trial in the Black condition (Single-
Wide experiment) were incomplete. This trial (i.e., reading time for one
text and answers to six comprehension questions) was removed from the
dataset.

Table 1 and the left column of Fig. 4 report the results for the reading
times (average reading time per word in milliseconds) and the accuracy
scores for the comprehension questions (probability correct) in Experi-
ment 1. Bayesian mixed-effects linear regression models were fitted to
analyse the reading time data. The reading times were log transformed

5 The procedure for creating the stimuli that appeared in the text box was as
follows. First, the different layout versions were created with Microsoft Word.
Subsequently, the Word files were exported as PDF files and opened with the
native Google Chrome BeeLine extension. For the BeeLine versions of the texts,
we opted for the black-blue-red settings. To create the Black versions of the
texts we customized the settings with all three colours set to black. High-
resolution screenshots were taken to obtain the final stimuli that were pre-
sented with Ibex Farm.
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Joris gaat naar zijn oom. Oom Hans woont op het platteland. Hij is boer en hij woont in een
boerderij. Joris komt graag bij zijn oom. Zijn oom heeft wel honderd koeien. Joris mag helpen
met koeien melken. De koeien moeten eerst uit de wei. Ze moeten een voor een de melkstal
in. Deze stal is speciaal voor het melken. Er kunnen maar tien koeien in de stal staan. Als de
koeien in de melkstal staan, maakt oom Hans de uiers schoon. In de stal staat een grote
machine. Daarmee worden de koeien gemolken. De melk gaat naar een grote tank. Als ze
klaar zijn, krijgt Joris een beker melk. Maar hij vindt de verse melk vies. Die melk is warm, dat
hoort toch niet?

— KLAAR

Joris gaat naar zijn oom. Oom Hans woont op het
platteland. Hij is boer en hij woont in een boerderij. Joris
komt graag bij zijn oom. Zijn oom heeft wel honderd
koeien. Joris mag helpen met koeien melken. De koeien
moeten eerst uit de wei. Ze moeten een voor een de
melkstal in. Deze stal is speciaal voor het melken. Er
kunnen maar tien koeien in de stal staan. Als de koeien in
de melkstal staan, maakt com Hans de uiers schoon. In de
stal staat een grote machine. Daarmee worden de koeien
gemolken. De melk gaat naar een grote tank. Als ze klaar
zijn, krijgt Joris een beker melk. Maar hij vindt de verse
melk vies. Die melk is warm, dat hoort toch niet?

» KLAAR

Joris gaat naar zijn oom. Oom Hans woont op het platteland. Hij is boer en hij woont in een
boerderij. Joris komt graag bij zijn oom. Zijn oom heeft wel honderd koeien. Joris mag helpen
met koeien melken. De koeien moeten eerst uit de wei. Ze moeten een voor een de melkstal
in. Deze stal is speciaal voor het melken. Er kunnen maar tien koeien in de stal staan. Als de
koeien in de melkstal staan, maakt oom Hans de uiers schoon. In de stal staat een grote
machine. Daarmee worden de koeien gemolken. De melk gaat naar een grote tank. Als ze
klaar zijn, krijgt Joris een beker melk. Maar hij vindt de verse melk vies. Die melk is warm, dat

hoort toch niet?

— KLAAR

Joris gaat naar zijn oom. Oom Hans woont op het
platteland. Hij is boer en hij woont in een boerderij. Joris
komt graag bij zijn oom. Zijn com heeft wel honderd
koeien. Joris mag helpen met koeien melken. De koeien
moeten eerst uit de wei. Ze moeten een voor een de
melkstal in. Deze stal is speciaal voor het melken. Er
kunnen maar tien koeien in de stal staan. Als de koeien in
de melkstal staan, maakt oom Hans de uiers schoon. In de
stal staat een grote machine. Daarmee worden de koeien
gemolken. De melk gaat naar een grote tank. Als ze klaar
zijn, krijgt Joris een beker melk. Maar hij vindt de verse

melk vies. Die melk is warm, dat hoort toch niet?

— KLAAR

Fig. 2. Examples of BeeLine stimuli in Experiment 1. Top left. Layout with single-line spacing and a wide text window (Single-Wide condition). Top right. Layout with
single-line spacing and a narrow text window (Single-Narrow condition). Bottom left. Layout with increased line spacing (i.e., 1.5 lines) and a wide text window
(Increased-Wide condition). Bottom right. Layout with increased line spacing and a narrow text window (Increased-Narrow condition). A 2 x 4 mixed factorial design
was constructed. Each participant read both Black and BeeLine texts (within-participants factor) but was assigned to only one layout version of the experiment
(between-participants factor). The link ‘KLAAR’ (‘finished’) located below the text box was clicked by the participants to proceed to the comprehension questions.

to correct for right skewness. Bayesian mixed-effects logistic regression
models were fitted to analyse the accuracy data (i.e., comprehension
questions). The models were fitted with the statistical software R
(Version 3.5.3) using the package Rstanarm (version 2.18.2). Partici-
pants and items were included as crossed random effects. Effect (i.e.,
deviation) coding was applied for the categorical independent variables.
For the factor Fonr, the BeeLine condition was coded as 0.5 and the Black
condition was coded as —0.5. For the factor Grape, Grade 3 was coded as
0.5 and Grade 2 was coded as —0.5. The factor Lavour consisted of four
levels (Single-Wide, Single-Narrow, Increased-Wide, Increased-Narrow)
and a full contrast scheme consisted of three deviation contrasts. The
Single-Wide version of the experiment was the baseline condition and
was coded as —0.25 in each contrast. The coding of the other conditions
depended on whether they were the target condition in a specific
contrast. The target condition was coded as 0.75, and the remaining
conditions were coded as —0.25. The models were computed in four
chains consisting of 3000 iterations each. The weakly informative priors
for the linear regression analyses (i.e., the analyses for the log-

transformed reading times) were Normal (u = 6.5, 6 = 1.5) for the
intercept, and Normal (u = 0, 6 = 0.25) for the coefficients. The weakly
informative priors for the logistic regression analyses (i.e., the analyses
for the comprehension questions) were Normal (u = 0, 6 = 3) for the
intercept, and Normal (u = 0, 6 = 1) for the coefficients. Summaries (i.e.,
the median and the standard deviation of the median absolute differ-
ence) of all fixed effects in the models are provided in Table 2. As we
optimized our design to study the influence of BeeLine and its in-
teractions with other independent variables, we will only discuss the
parameters that include the factor Fonr (i.e., the fixed effects of interest)
and display their 50% and 95% credible intervals (percentile interval
type; see the right column of Fig. 4). As a rule of thumb, we interpret the
evidence for an effect as strong if zero lies outside the 95% credible
interval (Kruschke et al., 2012; Nicenboim & Vasishth, 2016). For the
parameters that revealed a main or modulating effect of Font, we will
report the posterior probability mass that lies below or above zero
(indicated as P(E < 0) or P(E > 0); see Nicenboim & Vasishth, 2016).
Note that if zero is included within the 95% interval, there might still be
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text)

IV. Questions
(six after each

V. Reminder
that another
text will follow

5 en Tom dat de iPad kapot i

I1l. Reminder
that questions
will follow

I. Empty text
box

Papa is eten aan het koken. Mama zit te werken achter

de computer. Simon en Tom spelen met de iPad van
hun grote zus. Die ligt een boek te lezen op de bank.
Maar dan wordt apeens het scherm zwart, De iPad

doet helemaal niets meer. Trillend lopen ze naar hun

zus. Ze wijzen naar de iPad. Simon zegt: Hij ging

kijkt haar broertjes aan
wel mee hoorl, zegt ze.

P Sanne pakt een oplader
et eten doet hij het weer.

9. Hij moet even in de
pgelucht. Papa roept dat
Zo, nu eerst lekker eten.

Fig. 3. Schematic overview of the time course of a trial. A trial started with an empty text box (I). When ready, participants clicked on a link below the text box with
the label ‘START’ and the text appeared (II). When participants were finished reading the text, they clicked on a link with the label ‘KLAAR’ (‘finished’). After a
reminder (III), six comprehension questions appeared one by one on the screen (IV). A trial ended with a reminder that another text (i.e., a trial of the same type) was
about to follow (V) — or new instructions were provided when the participants entered the second block of the experiment.

Table 1

Mean reading times for the texts (in milliseconds per word) and mean accuracy scores (probability correct) for the comprehension questions in Experiments 1 and 2.

Standard errors are provided in parentheses.

Experiment Layout Font Grade 2 Grade 3
Reading Time Accuracy Reading Time Accuracy
1 Single-Wide Black 735 (61) 42 (.033) 493 (18) .70 (.028)
BeeLine 641 (35) .38 (.032) 480 (22) 71 (.027)
Single-Narrow Black 718 42) .48 (.028) 493 21 .68 (.033)
BeeLine 728 (46) 47 (.028) 498 (24) .59 (.034)
Increased-Wide Black 770 (59) .54 (.029) 566 (46) .57 (.032)
BeeLine 796 (69) .51 (.029) 582 (49) .56 (.032)
Increased-Narrow Black 599 (31) .45 (.027) 445 (24) .75 (.031)
BeeLine 622 31 .48 (.027) 439 (26) .73 (.032)
2 Discontinuous Black 708 39) .62 (.031) 524 (28) 71 (.025)
BeeLine 656 (43) .58 (.032) 519 (29) .61 (.027)
Continuous Black 746 (56) .58 (.032) 547 27) .56 (.026)
BeeLine 692 (45) .56 (.032) 531 (22) .61 (.026)

weak evidence for an effect, if the probability of the estimate being less
than (or greater than) O is relatively large (Nicenboim & Vasishth,
2016). Hence, in some specific cases we tentatively interpret effects for
which zero lies just inside the 95% credible interval.

The analyses for the reading time data showed a two-way interaction
of FonT x Lavout (FonT x LAYouT[SN]: P(,E > 0) = 0.99; FonT x LAYoUuT[IW]:
P(B > 0) > 0.99; Font x Lavout[IN]: P( > 0) > 0.99) (see Table 2 and
Fig. 4b). Pair-wise follow-up comparisons (see Fig. 4c) showed an effect
of Font in the Single-Wide variant of the experiment (Median = —0.072,
MAD-SD = 0.031, P(ﬁ < 0) = 0.99), indicating that the BeeLine condi-
tion induced faster reading than the Black condition. No credible effects
of Font were observed in the other variants of the experiment (Single-

Narrow: Median = 0.005, MAD-SD = 0.021, P(/Ai > 0) = 0.60; Increased-
Wide: Median = 0.019, MAD-SD = 0.024, P(/Af > 0) = 0.80; Increased-
Narrow: Median = 0.017, MAD-SD = 0.022, P(ﬁ > 0) = 0.78). In
addition, we observed a weak three-way interaction of FonT x LAYOUT X
Grape when the Increased-Narrow layout was the target condition (P(
< 0) = 0.97). For second-grade pupils, pair-wise follow-up analyses (see
Fig. 4d) showed that BeeLine texts induced faster reading than Black
texts in the case of a Single-Wide layout (Median = —0.095, MAD-SD =
0.051, P(ﬁ < 0) = 0.97), yet BeeLine texts induced slower reading than
Black texts in the case of an Increased-Narrow layout (Median = 0.055,

MAD-SD = 0.029, P(ﬁ > 0) = 0.97). For third-grade pupils no clear
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Fig. 4. Results of Experiment 1. In the left column, descriptive graphs of the data. In the right column, credible intervals (50% and 95% percentile intervals) for the
estimates of the fixed effects that included the factor Fonr. Fig. A. Mean reading times and standard errors as a function of Font, Lavour, and Grapk. Fig. B. Credible
intervals for the Bayesian mixed-effects analysis of the log-transformed reading times. Fig. C. Credible intervals for the pair-wise comparisons (Black vs. BeeLine) of
the Font x Lavour interaction that was observed in the reading time analysis. Fig. D. Credible intervals for the pair-wise comparisons (Black vs. BeeLine) of the Font x
Lavout x GrADE interaction that was observed in the reading time analysis. Fig. E. Mean accuracy scores and standard errors as a function of Font, Lavout, and GRADE.
Fig. F. Credible intervals for the Bayesian mixed-effects analysis of the accuracy scores. (RT = reading time per word; SE = standard error; [SN] = target condition is
Single-Narrow layout; [IW] = target condition is Increased-Wide layout; [IN] = target condition is Increased-Narrow layout).
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effects of Font emerged in any of the follow-up comparisons.
The analyses for the accuracy data showed no credible effects for the
parameters of interest (see Table 2 and Fig. 4f).

2.3.2. Questionnaire

We will discuss the main effects of the factor Fonr.® Separate
Bayesian mixed-effects linear regression models were fitted for the di-
mensions convenience, difficulty, enjoyment, and comprehension. The
BeeLine condition was coded as 0.5 and the Black condition was coded
as —0.5. Participants were included as a random effect. The models were
computed in four chains of 3000 iterations with the following priors:
Normal (u = 3, 6 = 1) for the intercept and Normal (u = 0, ¢ = 2) for the
coefficients. As showed in Fig. 5, BeeLine texts were rated as less
convenient (Median = —0.471, MAD-SD = 0.127, P(/A} < 0) > 0.99) and
more difficult (Median = 0.562, MAD-SD = 0.111, P(3 > 0) > 0.99) to
read than Black texts. The results for the remaining categories were less
pronounced but pointed in a similar direction: BeeLine texts were less
enjoyable to read (Median = —0.163, MAD-SD = 0.131, P(/Ai <0)=0.90)
and induced a lower level of perceived comprehension (Median =
—0.182, MAD-SD = 0.112, P(,/B\ < 0) = 0.95) than Black texts did.

2.4. Summary of results

The influence of BeeLine Reader interacted with the combined in-
fluence of the layout features line spacing and line length. More spe-
cifically, BeeLine Reader allowed children to obtain a higher reading
pace for a text format with single-line spacing and a wide text window —
without impeding comprehension. This positive effect of BeeLine Reader
was not observed for layouts with narrow text windows and/or suffi-
cient line spacing. In fact, the analyses suggested that BeeLine Reader
hampers second-grade pupils when they were reading texts in which
both layout features were optimized for beginning readers (i.e., texts
containing shorter lines and sufficient inter-line spacing). Hence, with
that configuration the drawbacks of BeeLine Reader seem to outweigh
its benefits. The analyses also suggested that second-grade readers were
more sensitive to the influence of BeeLine Reader than third-grade
readers. Other important findings of Experiment 1 were that BeeLine
Reader did not affect text comprehension and that beginning readers
preferred a black font over a gradient-coloured font — they rated BeeLine
texts as more difficult and less convenient to read. We discuss these
findings further in the General Discussion (Section 4).

3. Experiment 2

In Experiment 2, we assessed the potential benefits and drawbacks of
BeeLine Reader in combination with a different layout variable: text
segmentation. It is a popular design feature among publishers of
schoolbooks who frequently opt for a layout in which texts are presented
with each sentence starting on a new line of the page (cf. Evers-Vermeul,
2020; Land, 2009; van Silfhout, Evers-Vermeul, Mak, et al., 2014; van
Silfhout, Evers-Vermeul, & Sanders, 2014). One of the advantages of
these so-called ‘discontinuous’ texts is that the line and sentence endings
coincide and together present a prominent cue to the reader that sen-
tence wrap-up and integration processes should be initiated (Koornneef
et al., 2019). In addition to stimulating sentence wrap-up, publishers
assume that this layout is easier to read than a traditional continuous
layout because it avoids that clausal units are interrupted by a line
break, thereby limiting parsing problems for beginning readers during a
return sweep (cf. Levasseur et al., 2006; Raban, 1982).

Two studies have examined this hypothesis for beginning readers,
revealing mixed results. Whereas Evers-Vermeul (2020) reported that

® We also fitted more complex models that included the factors Lavour and
Grabpt. These models revealed no reliable interactions.
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discontinuous texts are not felicitous for 7-year-old readers, Koornneef
et al. (2019) showed that high-performing beginning readers perform
better with a discontinuous layout than with a continuous layout.
Interestingly, this does not hold for struggling beginning readers. They
appear to perform better with a continuous layout than with a discon-
tinuous layout. Koornneef et al. (2019) speculated that these differences
between proficient and struggling beginning readers emerged because
discontinuous texts pose higher demands on eye-movement control
processes than continuous texts do — in contrast to the claims made by
some publishers. For example, if the width of the text window is held
constant across conditions, discontinuous texts will cover more lines
than the same texts presented in a continuous fashion. As a result, more
return-sweep saccades are required, which increases the demands on
oculomotor control processes (Evers-Vermeul, 2020; Koornneef et al.,
2019). Furthermore, two other issues (which have gone unnoticed in the
literature cited above) strengthen the idea that discontinuous texts are
perhaps more difficult than continuous texts. First, return-sweep sac-
cades are more erratic in discontinuous layouts than in continuous
layouts because a discontinuous layout induces poorly ragged margins,
creating distracting shapes of white space on the right side of the page
(see Fig. 6). Second, return-sweep saccades that end up on the wrong
line of a discontinuous text may not always be identified immediately as
erroneous because they do not cause a parsing problem for the reader —
note that inaccurate return sweeps in a continuous layout often will
result in syntactic processing difficulties that signal to the reader that
something went wrong during reading.”

Hence, although there are several open issues in the debate on the
advantages and disadvantages of continuous and discontinuous layouts,
scholars agree on the idea that these layouts pose different demands on
eye-movement behaviour, most notably the processes that control how
readers move their eyes from one line of text to the next. In that view,
continuous and discontinuous layouts present salient test cases for
expanding our research on the efficacy of BeeLine Reader.

3.1. Goals and predictions

Experiment 2 was conducted to replicate and extend the findings of
Experiment 1. Again, we presented texts with black and BeeLine fonts to
second- and third-grade readers as a within-participants factor. The
layout variable text segmentation was included as a between-
participants factor; in one version of the experiment the texts were
formatted in a discontinuous layout and in the other version the texts
were formatted in a continuous layout (see Fig. 6). Based on our findings
in Experiment 1, we made the following predictions. First, it was pre-
dicted that if BeeLine Reader improved the reading speed of beginning
readers, these effects should emerge more readily for second-grade
readers than for third-grade readers. Second, no comprehension
advantage was predicted for BeeLine Reader (neither for second-grade
readers nor for third-grade readers). Furthermore, we speculated that
return-sweep manoeuvres are more demanding in a discontinuous
layout than in a continuous layout. Based on this idea, a third prediction
was that beneficial effects of BeeLine Reader should occur more prom-
inently in a discontinuous layout than in a continuous layout.

3.2. Materials and methods

3.2.1. Participants

Participants were 97 pupils (52 girls; mean age 8.1 years; range: 6-9)
in Grade 2 (40 children) and Grade 3 from 8 primary schools in the
Netherlands. None of them participated in Experiment 1.

7 We thank Jacqueline Evers-Vermeul for pointing out this potential disad-
vantage of discontinuous texts.



A. Koornneef and A. Kraal

Table 2

Summaries of the Font x Lavour x Grabe Bayesian mixed-effects models in
Experiment 1. On the left, fixed-effect estimates and the associated statistics for
the log-transformed reading times. On the right, fixed-effect estimates (on a logit
scale) and the associated statistics for the accuracy scores. These models are
discussed in Section 2.3.1 and further illustrated in Fig. 4. (SD = standard de-
viation; MAD-SD = standard deviation of the median absolute difference; [SN]
= target condition is Single-Narrow layout; [IW] = target condition is Increased-
Wide layout; [IN] = target condition is Increased-Narrow layout).

Reading Time Accuracy
Fixed Effects - K

Median MAD-SD Median MAD-SD
(Intercept) 6.302 0.038 0.373 0.226
Font —0.007 0.013 —0.107 0.075
Layout[SN] 0.029 0.077 —0.016 0.231
Layout[IW] 0.088 0.077 —0.085 0.227
Layout[IN] —0.092 0.081 0.229 0.236
Grade —0.284 0.060 1.047 0.174
Font:Layout[SN] 0.076 0.035 —0.198 0.208
Font:Layout[IW] 0.089 0.035 —0.032 0.204
Font:Layout[IN] 0.088 0.036 0.107 0.216
Font:Grade —0.007 0.024 —0.089 0.148
Layout[SN]:Grade 0.004 0.132 —0.526 0.422
Layout[IW]:Grade 0.018 0.128 —-1.092 0.415
Layout[IN]:Grade 0.015 0.132 0.099 0.439
Font:Layout[SN]:Grade —0.052 0.066 —0.560 0.388
Font:Layout[IW]:Grade —0.033 0.067 —0.153 0.371
Font:Layout[IN]:Grade -0.117 0.067 —0.507 0.406
Random Effects
Groups Name SD Name SD
Participants (Intercept) 0.386 (Intercept) 1.002
Items (Intercept) 0.062 (Intercept) 1.071
Nr. Observations 695 4170

3.2.2. Texts and comprehension questions
The same texts and comprehension questions were presented as in
Experiment 1.

3.2.3. Design and procedure

All procedures were approved by the Leiden University Institute of
Education and Child Studies ethics committee (project number ECPW-
2015/107) and conducted in accordance with the Declaration of Hel-
sinki. The main set-up and procedures were identical to Experiment 1.
Each participant read three texts with a Black font (one practice text and
two test texts), three texts with a BeeLine font (one practice text and two
test texts), and we applied the same procedure for a single trial (see
Fig. 3 for an overview). There were two versions of Experiment 2. In one
version (47 participants), line breaks in the middle of a sentence were
removed as each sentence started on a new line (Discontinuous layout,
see Fig. 6, left side). In the other version (50 participants), sentences
continued on the same line as far as page width allowed (Continuous
layout, see Fig. 6, right side).® The texts with a discontinuous layout
consisted of 19 lines and each line contained on average 6.5 words. The
texts with a continuous layout consisted of 11-12 lines and each line
contained on average 10.5 words. In both versions of the experiment,
the ordering of the two experimental blocks and the four critical texts
was rotated across four counterbalanced lists. Participants were
randomly assigned to one of those lists. The duration of a full test session
was 20-35 min.

8 The textual stimuli that appeared in the text box were created by copy-and-
pasting the content of the texts into the ‘BeeLine pasteboard’ (http://www.beel
inereader.com/pasteboard.html). We took high-resolution screenshots of the
pasteboard to obtain the final image files that were presented with Ibex Farm.
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3.3. Results

Table 1 and the left column of Fig. 7 report the results for the reading
times and accuracy scores of the comprehension questions in Experi-
ment 2. Bayesian mixed-effects models with the same priors as in
Experiment 1 were computed to analyse the data. Participants and items
were included as crossed random effects. Deviation coding was used for
the categorical independent variables. For the factor Fonr, the BeeLine
condition was coded as 0.5 and the Black condition was coded as —0.5.
For the factor Lavour, the Continuous layout was coded as 0.5 and the
Discontinuous layout was coded as —0.5. For the factor Grapg, Grade 3
was coded as 0.5 and Grade 2 was coded as —0.5. The models were
computed in four chains consisting of 2000 iterations each.

The analyses for the reading time data showed an effect of Font (P(3
< 0) > 0.99) and a two-way interaction of FONT x GRADE (P(/? >0)=0.98)
(see Table 3 and Fig. 7b). The main effect of Fonr indicates that the
BeeLine conditions induced faster reading than the Black conditions.
Follow-up analyses of the two-way interaction (see Fig. 7c) revealed that
this effect of Font was present for second-grade readers (Median =
—0.075, MAD-SD = 0.023, P(ﬁ < 0) > 0.99), yet no credible effect was
observed for third-grade readers (Median = —0.018, MAD-SD = 0.017, P
(B < 0) = 0.86).

The analyses for the accuracy data showed an effect of Font (P(8 <
0) = 0.95), a two-way interaction of Font x Lavour (P(ﬁ > 0) > 0.99), and
a (weak) three-way interaction of FoNT x LAYOUT X GRADE (P(ﬁ >0)=0.96)
(see Table 3 and Fig. 7e). The main effect indicates that the BeeLine
conditions induced lower accuracy scores than the Black conditions did.
Follow-up analyses of the interactions (see Fig. 7f) showed that this ef-
fect of Font was carried by the scores of third-grade readers in the
Discontinuous condition (Median = —0.73, MAD-SD = 0.21, P(ﬁ <0)>
0.99) because no credible effects of Font were observed in the other
comparisons of interest (Discontinuous/Grade 2: Median = —0.21,

MAD-SD = 0.23, P(ﬁ < 0) = 0.82; Continuous/Grade 2: Median =
—0.001, MAD-SD = 0.23, P(ﬁ < 0) = 0.50; Continuous/Grade 3: Median
= 0.19, MAD-SD = 0.18, P(3 > 0) = 0.85).

3.4. Summary of results

The reading time analyses showed that BeeLine Reader texts
increased the reading speed of second-grade readers but did not affect
the reading speed of third-grade readers. Furthermore, BeeLine Reader
did not improve comprehension. In fact, relative to their control texts,
comprehension of BeeLine texts with a discontinuous layout was
impeded for third-grade readers. The prediction that beneficial effects of
BeeLine Reader should occur more prominently in a discontinuous
layout than in a continuous layout was not confirmed by the data. The
implications of these findings will be discussed in the General Discussion
below.

4. General Discussion

In two reading experiments with primary school pupils, we examined
the claims of the developers of BeeLine Reader that smooth colour
transitions in texts increase reading speed, improve comprehension, and
make reading more enjoyable. To obtain a comprehensive picture we
tested these hypotheses for second- and third-grade pupils, assessing the
influence of BeeLine Reader in several layouts in which we varied fea-
tures that are known to impact the reading processes of beginning
readers (line spacing, line length, text segmentation) (see e.g., Ever-
s-Vermeul, 2020; Koornneef et al., 2019; Nanavati & Bias, 2005; Van-
derschantz, 2008; Walker et al., 2018). The experiments revealed that
BeeLine Reader can increase the reading speed of beginning readers.
However, this positive influence depends on characteristics of the reader
and the text. Reading time advantages for BeeLine texts primarily
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Fig. 5. Results of the questionnaire in Experiment 1. Fig. A. Mean ratings and standard errors for the four dimensions of the questionnaire as a function of FonT
(convenience: 1 = not convenient at all, 5 = very convenient; difficulty: 1 = not difficult at all, 5 = very difficult; enjoyment: 1 = not enjoyable at all, 5 = very
enjoyable; comprehension: 1 = very low comprehension, 5 = very high comprehension). Fig. B. Credible intervals for the Bayesian mixed-effects analyses of the

factor Font on the four dimensions.

Papa is eten aan het koken.

Mama zit te werken achter de computer.

Simon en Tom spelen met de iPad van hun grote zus.
Die ligt een boek te lezen op de bank

Maar dan wordt opeens het scherm zwart.

De iPad doet helemaal niets meer.

Trillend lopen ze naar hun zus.

Ze wijzen naar de iPad.

Simon zegt: Hij ging opeens zomaar kapot.
Sanne kijkt haar broertjes aan en begint te lachen
Het valt wel mee hoor!, zegt ze.

Zullen we hem weer maken?

Sanne pakt een oplader uit de kast.

En ze zegt: Na het eten doet hij het weer.

De batterij is alleen maar leeg.

Hij moet even in de oplader.

Tom en Simon zijn opgelucht.

Papa roept dat ze allemaal moeten komen

Zo, nu eerst lekker eten.

» KLAAR

Papa is eten aan het koken. Mama zit te werken achter de
computer. Simon en Tom spelen met de iPad van hun grote
zus. Die ligt een boek te lezen op de bank. Maar dan wordt
opeens het scherm zwart. De iPad doet helemaal niets meer.
Trillend lopen ze naar hun zus. Ze wijzen naar de iPad.
Simon zegt: Hij ging opeens zomaar kapot. Sanne kijkt
haar broertjes aan en begint te lachen. Het valt wel mee
hoor!, zegt ze. Zullen we hem weer maken? Sanne pakt
een oplader uit de kast. En ze zegt: Na het eten doet hij het
weer. De batterij is alleen maar leeg. Hij moet even in de
oplader. Tom en Simon zijn opgelucht. Papa roept dat ze
allemaal moeten komen. Zo, nu eerst lekker eten.

— KLAAR

Fig. 6. Examples of BeeLine stimuli in Experiment 2. On the left, a Discontinuous text. On the right, a Continuous text. A 2 x 2 mixed factorial design was con-
structed. Each participant read both Black and BeeLine texts. There were two versions of the experiment: a participant read either Discontinuous texts or Continuous
texts. We ensured that all the words in the BeeLine-Discontinuous and BeeLine-Continuous versions of a text were coloured in the same way. As a result, the BeeLine-
Discontinuous versions did not fully adhere to the default algorithms of BeeLine Reader. For example, a default BeeLine cycle spans four lines of text (see Continuous
text on the right) whereas our customized BeeLine cycle for the Discontinuous versions spans more lines of text (e.g., about six lines in the text on the left).

emerge for pupils in second grade (not in third grade) when they read
texts with a high visual density (‘crowded’ texts consisting of wide
windows with little inter-line spacing). When second-grade readers
process texts that are optimized for their reading level (texts with nar-
row windows and increased inter-line spacing) they tend to display a
slower reading pace in texts with a BeeLine font. Concerning the de-
velopers’ second claim: BeeLine Reader does not improve the mental
representation of a text and it can even have a negative impact on
comprehension. Our data are also incompatible with the third
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hypothesis of the developers as the participants do not rate BeeLine texts
as more enjoyable to read than texts with a black font. In fact, the
children indicate that BeeLine texts are more difficult and less conve-
nient to process. We elaborate on each of these findings below.

4.1. BeeLine Reader and reading speed

The claim made for BeeLine Reader is that it may facilitate visual
tracking, thereby streamlining and accelerating the eye movements of
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readers. The developers of BeeLine Reader do not explicitly discuss the
goals of their application in terms of first-pass fixations, re-reading fix-
ations, saccades, regressions, and return sweeps, but they do seem to
suggest that the application may have a positive impact on several, if not
most, aspects of eye-movement behaviour. This may hold for the
straightforward reason that different eye-movement measures index
correlated and inherently intertwined processes. For example, when
return-sweep saccades become more accurate this will also affect more
global reading patterns as fewer (regressive) eye movements are
required to repair erroneous transitions from one line to the next. This
could decrease re-reading durations and, moreover, first-pass processing
may be optimized (i.e., longer saccades, shorter fixation durations)
because readers get into a more comfortable and swift reading mode.

However, in our opinion it is not likely that BeeLine Reader has a
positive impact on all these aspects of eye-movement behaviour. A
notable disadvantage of a gradient-coloured font is that the letters
within a word are coloured differently which may have a negative
impact on decoding processes of individual words, with slower reading
as a result (cf. Pinna & Deiana, 2018). In addition, it is not obvious how
smooth transitions from one colour to the next would guide saccadic eye
movements which do not follow a smooth, continuous path from left to
right on a line of text. Taking these limitations of the application into
account, BeeLine Reader most likely will not support intra-linear eye
movements during reading. Instead, a more plausible explanation of the
data is that BeeLine Reader can have a positive influence on inter-linear
eye movements. The return sweep manoeuvres that readers generate to
shift their view to the next line of a text will become easier due to the
visual anchors offered by BeeLine Reader. As a result, BeeLine Reader is
more effective for second-grade readers than for third-grade readers
because they have less experience with texts consisting of multiple lines
and encounter more difficulties in planning and executing return sweeps
than third grade readers do. It also explains why benefits of BeeLine
Reader arise for texts with long lines and little inter-line spacing but
hampers processing of texts with short lines and sufficient spacing.
Whereas in the former type of texts return sweeps are especially difficult,
this is not the case in the latter type of texts in which the layout features
line length and line spacing are modified to simplify return sweeps for
inexperienced readers (e.g., Nanavati & Bias, 2005; Vanderschantz,
2008; Walker et al., 2018).

This bird’s-eye view on the reading time data seems to reveal a clear
picture of the impact of Beeline Reader on the processing of texts.
However, a more detailed inspection of the reading times within and
between experiments reveals two puzzling findings. First, based on the
idea that poorly ragged margins in a text increase return-sweep diffi-
culty, we reasoned that the positive effects of BeeLine Reader should
emerge more readily for discontinuous texts than for continuous texts.
This hypothesis was not confirmed by the data because similar im-
provements of reading speed were observed across these layouts for
second-grade readers (Experiment 2). There are several possible sce-
narios to account for the absence of the anticipated interaction effect.
Assuming that BeeLine Reader streamlines return-sweep saccades, a first
possibility is that we overestimate the influence of poorly ragged mar-
gins on the complexity of planning and executing return sweeps during
reading. Alternatively, it is possible that we underestimate the chal-
lenges that continuous layouts pose to return-sweep processes. For
example, it has been suggested that return sweeps in continuous texts
are difficult because clausal units are often interrupted by a line break,
which may induce parsing problems and slows down processing for
beginning readers (cf. Levasseur et al., 2006; Raban, 1982). Further-
more, methodological considerations in our study may have reduced the
efficacy of BeeLine Reader for texts with a discontinuous layout: the
lines in a discontinuous layout were on average much shorter than the
lines in a continuous layout (6.5 vs. 10.5 words per line) and to ensure
that all the words in the BeeLine-discontinuous and the
BeeLine-continuous versions of a text were coloured in the same way,
the former versions did not fully adhere to the default algorithms of
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BeeLine Reader (see Fig. 6). In reflecting on these scenarios, we can
merely state that our findings are inconclusive regarding the potential
differential effects of BeeLine Reader in continuous and discontinuous
layouts.

Second, readers displayed a reading time advantage for BeeLine texts
with a continuous layout (Experiment 2), but such advantage was not
observed for BeeLine texts with a narrow window and single-line
spacing (Experiment 1). These layouts were almost identical (the texts
with a continuous layout covered 11-12 lines and each line contained on
average 10.5 words; the texts with a single-narrow layout covered 12-13
lines and each line contained on average 10.1 words). We do not have an
explanation for the mixed findings across experiments although subtle
variations in the stimuli and samples of participants could play a role
here. These findings emphasize that an accelerating effect of BeeLine
Reader on reading speed is not a robust but a highly context-dependent
phenomenon.

4.2. BeeLine Reader and reading comprehension

An important purpose of reading is to construct a coherent mental
representation of a text (e.g., Graesser et al., 1994; Kintsch, 1988; van
den Broek, 1988). The developers of BeeLine Reader claim that the
application improves the quality of such mental models. The reason for
this hypothesis could be twofold. On the one hand, BeeLine Reader may
have a direct positive influence on comprehension because the applica-
tion decreases the probability that readers lose track of the lines they are
reading — most notably after a return-sweep saccade. As a result, it
should be easier to integrate the meaning of sentences into a unified,
coherent mental representation. On the other hand, BeeLine Reader may
also have an indirect positive influence on reading comprehension.
Because BeeLine Reader is thought to optimize the eye movements of
(beginning) readers, additional cognitive resources become available for
higher-order comprehension processes such as monitoring, integration,
and inference generation, thereby improving the quality of readers’
mental models of texts (cf. Koornneef et al., 2019; Schneps et al., 2010;
Schneps, Thomson, Chen, et al., 2013; Schneps, Thomson, Sonnert,
et al., 2013).

Our findings do not support these ideas. Although in some cases
BeeLine texts induce more efficient reading (i.e., faster reading while
preserving comprehension) none of the analyses revealed a compre-
hension advantage for BeeLine texts in comparison to texts with a black
font. The only credible effect on reading comprehension was observed in
Experiment 2, with lower comprehension scores for third-grade readers
when they read discontinuous texts with a BeeLine font. We should be
cautious with this single finding as it emerged as part of a subtle inter-
action effect (i.e., it could reflect a false-positive finding), but it does
underscore the premise that adding gradient colours to a text may not be
the best way to improve reading comprehension. Colours may distract
readers — specifically the colour red may have a detrimental effect (cf.
Humar et al., 2014, 2008; Pinna & Deiana, 2018; Williams et al., 1992) —
or they may even provoke misinterpretations if readers erroneously
assume that sections in a text with a similar colour are semantically
and/or referentially connected to each other.

4.3. Beginning readers’ opinions about BeeLine Reader

Next to the hypotheses that BeeLine Reader improves reading speed
and reading comprehension, we examined whether the application
makes reading easier and more enjoyable in the eyes of beginning
readers. If that premise holds, BeeLine Reader could be used to increase
motivation and feelings of self-efficacy for the act of reading. Such
reader characteristics are precursors for becoming skilled readers later
in life and it is therefore important to maximize these traits during
reading acquisition (cf. Toste et al., 2020; Unrau et al., 2018). However,
the data of the questionnaire (Experiment 1) show that beginning
readers rate BeeLine texts as more difficult and less convenient to read
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Fig. 7. Results of Experiment 2. In the left column, descriptive graphs of the data. In the right column, credible intervals (50% and 95% percentile intervals) for the
estimates of the fixed effects that included the factor Fonr. Fig. A. Mean reading times and standard errors as a function of Font, Lavour, and Grape. Fig. B. Credible
intervals for the Bayesian mixed-effects analysis of the log-transformed reading times. Fig. C. Credible intervals for the pair-wise comparisons (Black vs. BeeLine) of
the Font x GrapE interaction that was observed in the reading time analysis. Fig. D. Mean accuracy scores and standard errors as a function of Font, Layour, and GRADE.
Fig. E. Credible intervals for the Bayesian mixed-effects analysis of the accuracy scores. Fig. F. Credible intervals for the pair-wise comparisons (Black vs. BeeLine) of
the Font x Lavour x GrADE interaction that was observed in the accuracy score analysis. (RT = reading time per word; SE = standard error).

than texts with a black font. Similar (but weaker) trends are observed
when the children are asked whether they enjoyed reading the texts and
how well they understood the content of the texts: on these dimensions
children also seem to prefer a black font over a gradient-coloured font.
This robust, multi-dimensional preference for texts with a black font
may reflect a familiarity effect. The children are used to reading in a
black font and they may favour a text format that most closely resembles
the formats of the books that they read in school and at home. Anecdotal
evidence of the questionnaire seems to be in line with this idea. The
questionnaire included an optional question where the children were
invited to share their thoughts on the purpose of BeeLine Reader. Many
children mentioned that gradient-colours were used to distract them
during reading, and they indicated that they preferred a ‘normal’ text.

4.4. Limitations of the study and future directions

Digital reading applications should not be ignored in scientific
research because they offer new and fruitful windows into applied and
fundamental questions on reading acquisition. Our study contributes to
this endeavour but many open issues remain. We highlight several key
issues below.

An important premise in our research is that BeeLine Reader
streamlines return-sweep manoeuvres during reading. Although our
data are partly consistent with this idea, the methods that we use do not
provide a direct test of the hypothesis. Eye tracking is a powerful tech-
nique to address this limitation. It offers high temporal resolution and
allows researchers to extract numerous dependent measures to study the
influence of BeeLine Reader on first-pass reading, re-reading, saccades,
regressions, return sweeps, and so on. As a result, it provides a direct test
of whether any advantages of BeeLine Reader should be attributed to
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Table 3

Summaries of the Font x Lavour x Grabe Bayesian mixed-effects models in
Experiment 2. On the left, fixed-effect estimates and the associated statistics for
the log-transformed reading times. On the right, fixed-effect estimates (on a logit
scale) and the associated statistics for the accuracy scores (i.e., performance on
comprehension questions). These models are discussed in Section 3.3 and
further illustrated in Fig. 7. (SD = standard deviation; MAD-SD = standard de-
viation of the median absolute difference).

Reading Time Accuracy
Fixed Effects K K

Median MAD-SD Median MAD-SD
(Intercept) 6.342 0.045 0.653 0.304
Font —0.045 0.014 —-0.179 0.110
Layout 0.036 0.068 —0.301 0.230
Grade —0.237 0.070 0.201 0.235
Font:Layout 0.024 0.027 0.528 0.211
Font:Grade 0.059 0.028 —-0.185 0.207
Layout:Grade 0.005 0.126 —0.215 0.426
Font:Layout:Grade —0.042 0.055 0.677 0.392
Random Effects
Groups Name SD Name SD
Participants (Intercept) 0.349 (Intercept) 1.017
Items (Intercept) 0.062 (Intercept) 1.392
Nr. Observations 388 2328

enhanced intra-linear eye movements, to enhanced inter-linear eye
movements, or to both.

Several other methodological aspects of our study should be
considered. First, we neither explained the purpose of BeeLine Reader to
the participants in advance nor did we include a training session to
familiarize them with the application (although we did include a
BeeLine practice text). We opted for this approach to avoid inducing
biased opinions about the application. Second, the test sessions were
kept short for the children to minimize any confounding effects due to
fatigue or loss of concentration. A disadvantage of these methodological
considerations is that we could be either overestimating or under-
estimating the beneficial effects of BeeLine Reader. On the one hand, the
children may be attracted to the colours in the BeeLine texts which raises
the question of whether beneficial effects emerge due the application
itself or due to a novelty effect — which may wear off quickly. On the
other hand, it is also possible that the full potential of BeeLine Reader
becomes visible after providing more detailed instructions and offering
training sessions to its users. Hence, future studies should consider using
a (longitudinal) research design to track the benefits and drawbacks of
BeeLine Reader over a longer period of time to resolve this ambiguity.

In the current study we examined the reading processes of typically
developing beginning readers for short, ‘static’ (i.e., scrolling was pro-
hibited) BeeLine texts. So, in addition to future directions as presented
above, there are many other ways to extend the research on the effec-
tiveness of BeeLine Reader. First, not only typically developing begin-
ning readers may benefit from the features of BeeLine Reader but similar
or different (dis)advantages may occur for other populations of readers,
such as healthy adolescent and adult readers, people with a visual
impairment, struggling (e.g., dyslectic) readers, older adults, and so on.
Second, the influence of BeeLine Reader on longer and more complex
texts (of various genres) should be examined. Third, because BeeLine
Reader is developed to enhance the reading process of modern-day
digital texts, future studies should include stimuli with hyperlinks and
allow readers to scroll through texts. Fourth, in the current study we
used the default settings of BeeLine Reader consisting of gradients of
black, blue, and red. We postulated that especially the colour red may
have a detrimental effect on reading. However, BeeLine Reader also
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offers settings without the colour red (black-blue-purple, only gradients
of grey, fully customized settings) and these alternative settings may be
more effective than the default settings.” Fifth, a more fundamental issue
for future research is to explore whether and how the algorithms of
BeeLine Reader affect the degree of visual crowding in a text. Sixth,
BeeLine Reader is just one of many digital reading tools that deserve
more and finer-grained attention from the scientific world (Spritz,
Immersive Reader, Span Limiting Tactile Reinforcement, ReadMe!,
WebClipRead, and so forth).

4.5. Concluding remarks

Based on the findings in the current study we conclude that BeeLine
Reader might be useful, but only for some beginning readers in some
situations. Potential users should keep in mind that BeeLine Reader is a
charged application with no clear theoretical underpinnings and may
have a detrimental effect on reading speed, reading comprehension, and
more subjective readability measures. That said, the observation that
BeeLine Reader induces more efficient reading for second-grade readers
implies that it is not inconceivable that (in the future) BeeLine Reader
can be a useful tool in educational settings; for example, as a scaffolding
technique to support the early phases of reading acquisition, when
beginning readers practice to maintain their focus on the correct line of
text and familiarize themselves with the default directional rules of
reading (left to right, top to bottom). As such, BeeLine Reader may
reflect a contemporary substitute for traditional ‘finger tracking’ tech-
niques (i.e., the movement of a child’s index finger that points to printed
text while reading) (e.g., Rodrigue, 2017). However, whether BeeLine
Reader should be implemented to foster reading (acquisition) processes,
is clearly an open issue. Moreover, decisions on implementing BeeLine
Reader as an educational tool not only depend on learning gains in the
short run, but also on learning gains in the long run. For example, pre-
senting texts with BeeLine layouts to beginning readers may ultimately
hamper their reading skills for texts with a traditional layout — just like
learning how to ride a bicycle by using lateral training wheels may not
always present an optimal learning situation (Becker & Jenny, 2017;
Shim & Norman, 2015). In all, the current study is a first examination of
the efficacy of BeeLine Reader. The application has some potential but
the hypotheses that BeeLine Reader makes reading ‘easier, faster, and
more enjoyable’ require further and more broadly-oriented empirical
support. Furthermore, the bold claim of the developers of BeeLine
Reader that the application ‘is a research-backed tool that improves
reading ability for students of all ages and skill levels’ (BeeLine Reader,
2021) is not supported by the data in our study.
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