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ABSTRACT

INVESTIGATING THE EFFECTS OF MAGNITUDE-SPACE BASED
NUMERICAL WORKING MEMORY LOADS ON THE SNARC EFFECT
UNDER DIFFERENT NUMBER JUDGMENT TASKS

Hepdarcan Sezen, [lgim

Ph.D. Program in Experimental Psychology

Advisor: Assoc. Prof. Dr. Burak ERDENIZ

Ocak, 2025

The Spatial-Numerical Association of Response Codes (SNARC) effect refers to the
phenomenon where smaller numbers are associated with faster left-side responses and
larger numbers with faster right-side responses. Previous working memory (WM)
research on the SNARC effect has examined cognitive load using visuo-spatial and
phonological tasks, highlighting the effect’s flexibility. This dissertation investigated
the effects of mental number line (MNL) compatibility (small-left/large-right vs.
small-right/large-left) and magnitude-space-based cognitive loads (space, magnitude,
and magnitude-space) on number judgments. Participants completed a numerical 1-
back task involving three types of WM loads presented in either MNL compatible or
incompatible formats. Responses to targets were made based on whether a number
matched the spatial position (space load), magnitude category (magnitude load), or
both (magnitude-space load) of the preceding number. After each 1-back evaluation,

participants performed either a single parity judgment (odd/even) or magnitude



comparison (smaller/larger than 5). The results showed that MNL compatible
conditions produced a regular SNARC effect, while incompatible conditions led to a
reverse SNARC. The effect was more pronounced under the space load than under the
magnitude load. In parity judgment, compatible loads produced a regular SNARC
effect, whereas incompatible loads showed no reverse SNARC. In contrast, the
magnitude comparison task revealed a more pronounced reverse SNARC under
incompatible loads. These results challenge the SNARC effect as purely automatic,
emphasizing the coactivation of long-term numerical representations and WM in
shaping spatial-numerical associations. Furthermore, the findings highlight the effect’s
sensitivity to task-specific demands, demonstrating that spatial-numerical associations

can dynamically adapt to varying cognitive strategies.

Keywords: the SNARC effect, magnitude-space association, the Mental Number Line

compatibility, working memory.



OZET

BUYUKLUK-UZAM TEMELLI SAYI ILISKILI CALISMA BELLEGI
YUKLERININ SNARC ETKIiSI UZERINDEKI ETKISININ FARKLI SAYI
DEGERLENDIRME GOREVLERINDE INCELENMESI

Hepdarcan Sezen, [lgim

Deneysel Psikoloji Doktora Programi

Tez Danismani: Dog. Dr. Burak ERDENI{Z

Ocak, 2025

Tepki Kodlarma Iliskin Uzamsal-Sayisal Baginti (SNARC) etkisi, kiigiik sayilarin
daha hizli sol tepki uzami, biiyiik sayilarin ise daha hizli sag tepki uzamiyla
iliskilendirilmesi olgusunu ifade eder. SNARC etkisi iizerine yapilan 6nceki ¢alisma
bellegi (CB) arastirmalari, gorsel-uzamsal ve fonolojik gorevler kullanarak bilissel
yiikii incelemis ve bu etkinin esnekligini vurgulamustir. Bu tezde, zihinsel say1 dizisi
(the Mental Number Line, MNL) uyumlulugu (kigiik-sol/blylk-sag ve kiigiik-
sag/biiyiik-sol) ile blylkluk-uzam temelli biligsel yiiklerin (uzam, biytklik ve
blylklik-uzam) say1 degerlendirme gorevleri tlizerindeki etkileri arastirilmistir.
Katilimeilar, ii¢ tir CB yiikii igeren sayisal 1-geri gorevini, MNL uyumlu veya
uyumsuz formatlarda tamamlamigslardir. Hedeflere tepkiler, bir sayinin 6nceki sayinin
uzamsal konumuna (uzam yuki), blyuklik kategorisine (buyuklik yuki) veya her
ikisine birden (buyuklik-uzam yiikii) uyup uymamasina gore verilmistir. Her bir 1-

geri degerlendirmesinden sonra, katilimcilar her bir say1 igin ya tek-¢ift sin1flandirmasi

Vi



ya da biiyiiklik degerlendirmesi (5°ten kiigiik/biliyiik) yapmislardir. Bulgular, MNL
uyumlu yiklerin tipik bir SNARC etkisine, uyumsuz yiklerin ise ters SNARC etkisine
yol agtigin1 gostermistir. Bu etki, uzam yiikii altinda, biiyiikliik yiikiine kiyasla daha
belirgin olmustur. Tek-gift gorevinde, uyumlu yukler tipik bir SNARC etkisi
olusturmus, ancak uyumsuz yiikler altinda giiglii bir ters SNARC etkisi ortaya
cikmamistir. Buna karsilik, biiylikliik degerlendirme gorevinde, uyumsuz yiikler
sunuldugunda daha belirgin bir ters SNARC etkisi gézlenmistir. Bu bulgular, SNARC
etkisini tamamen otomatik bir siire¢ oldugu anlayisini sorgulamakta ve sayilara iliskin
uzun-stireli temsiller ile CB etkilerinin bir arada var olabilecegini 6ne slirmektedir.
Ayrica, bu sonuglar, sayi-uzam iligkilerinin gorev taleplerine ve biligsel stratejilere

gore dinamik olarak sekillendirilebilecegini vurgulamaktadir.

Anahtar Kelimeler: SNARC etkisi, buyuklik-uzam iliskisi, zihinsel sayi1 dizisi

uyumlulugu, calisma bellegi.
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CHAPTER 1: INTRODUCTION-NUMERICAL MAGNITUDE-
SPACE ASSOCIATIONS

The Spatial-Numerical Association of Response Codes (SNARC) effect
describes the phenomenon where smaller numbers are linked with quicker left-side
responses, while larger numbers correspond to quicker right-side responses. Prior
research on working memory (WM) and the SNARC effect has investigated the role
of cognitive load through visuo-spatial and verbal tasks, emphasizing the flexibility of

this effect.

To further understand this flexibility of the SNARC effect under various
cognitive loads, this dissertation examines how different types of magnitude-space-
based numerical WM loads influence the SNARC effect in different number judgment
tasks. Previous research on the SNARC effect has examined its flexibility by altering
the Mental Number Line (MNL) compatibility across various task contexts, including
response mappings, spatial layouts, and memory tasks. Additionally, the flexibility of
the SNARC effect has been studied by focusing on WM specifically through WM
loads in different tasks, employing both visuo-spatial and verbal components to
explore how cognitive load impacts spatial-numerical associations. However, these
studies have not yet addressed MNL compatibility as a cognitive load, a perspective
that integrates MNL and WM to deepen our understanding of number-space
associations. This dissertation suggests that MNL compatible or incompatible
representations of numbers, when activated as space, magnitude, and magnitude-space
WM loads, may enhance or interfere with WM functioning, thereby affecting number

judgment performance.

The introduction provides a comprehensive foundation for the study, beginning
with an overview of spatial-numerical mapping and its theoretical basis, specifically
the concept of the MNL. Next, it examines the automaticity of space-number
associations across various factors, such as response directions, modalities, numerical
and non-numerical domains, populations, as well as how these associations are
represented in the brain. This is followed by an exploration of the flexibility of spatial-
numerical associations, emphasizing research on their flexibility across different

reading/writing habits, diverse executive functions, and task-contexts, particularly in



relation to MNL compatibility. Finally, the role of WM is discussed, with an emphasis
on how different types of WM loads influence the SNARC effect.

The question of how humans visualize numbers in their minds was first posed
by Francis Galton in 1880. Through the use of introspection, Galton asked participants
to describe and draw how they visualize numerals. The majority reported visualizing
numbers in a line from left-to-right. Based on these observations, Galton concluded
that individuals conceptualize numbers on a line in their minds, suggesting a close
relationship between numbers and spatial representations. The concept of numbers
being mentally organized along a spatial continuum gained empirical support from
Moyer and Landauer’s (1967) work, which demonstrated that numbers are represented
spatially, much like physical space. This was evidenced by the numerical (or symbolic)
distance effect, where reaction times for comparing two digits decreased as the
numerical distance between them increased (Dehaene, Dupoux, and Mehler, 1990;
Moyer and Bayer, 1976). A related finding, known as, the size effect, showed that
reaction times increased when comparing larger digits as opposed to smaller ones.
Together, these distance and size effects provided crucial evidence for the existence of
spatial-numerical associations, serving as demonstrations of how numbers are
mentally represented along the mental number line (Restle, 1970; Moyer and Bayer,
1976; Dehaene et al., 1990). Hence, magnitude-space associations where small
numbers are positioned on the left and large numbers on the right are termed
compatible with the long-term representation of numbers, while associations with

small numbers on the right and large numbers on the left are considered incompatible.

Building on these findings, Dehaene, Bossini, and Giraux (1993) conducted an
in-depth exploration of how individuals mentally represent and process numbers. They
focused on how parity (odd or even) and magnitude information (smaller or larger than
a reference number) are accessed from both Arabic numerals and verbal
representations. Their study revealed that numerical information, including parity, is
stored in long-term memory (LTM), rather than calculated in real-time. Most
importantly, they found an interaction between number magnitude and response side:
smaller numbers were associated with faster left-hand responses, while larger numbers
with faster right-hand responses. This association, named the SNARC effect, became
the most prominent manifestation of the MNL. The presence of the SNARC effect

even when magnitude information is irrelevant to the task —such as in parity judgment,



where numerical magnitude is not consciously processed— suggests that the SNARC
effect may serve as an indicator of automatic access to the spatial representation of

numerical magnitudes.

To elucidate the underlying mechanisms of the SNARC effect, two cognitive
mechanisms have been debated. A major controversy in this debate is whether the
numbers’ association with space is accessed automatically through long-term
representations, the MNL, or whether it is constructed temporally in WM during task
execution. This ongoing debate regarding the role of long-term versus WM
mechanisms highlights the need for a deeper exploration of the automaticity and
foundational aspects of the SNARC effect.

1.1. SNARC as a Well-established Phenomenon: Foundations in Spatial-Numerical

Processing

The SNARC effect has been consistently replicated across a variety of
experimental tasks, including phoneme monitoring with number words (Fias et al.,
1996), orientation detection (Fias et al., 2001), and pointing responses (Fischer, 2003).
Typically observed in bimanual responses along the horizontal dimension (left-right
keys), the SNARC effect has also been found when participants performed parity
judgments across various response directions and modalities. These include the
vertical (top-bottom) and diagonal (combination of left-right and top-bottom) axes
(Gevers et al., 2006a; Holmes and Lourenco, 2011; Ito and Hatta, 2004) and three-
dimensional response setups, including vertical and sagittal (near-far) dimensions
using an ad hoc response box (Aleotti et al., 2020). Further evidence comes from
studies using unimanual responses (Riello and Rusconi, 2011), foot responses with a
pedal (Schwarz and Miller, 2006), and saccadic eye movements (Schwarz and Keus,
2004). These studies suggested that the SNARC effect occurs independently of
numerical judgment task and response modality (cf. Hesse, Fiehler, and Bremmer.,
2015).

To build on the diversity of contexts in which the SNARC effect has been
observed, evidence suggests it also extends beyond classical numerals. The SNARC
effect has been observed with number words, auditory number words, dice patterns,
and even sign language numbers, demonstrating its pervasiveness across different
numerical modalities (Fias et al., 1996; Nuerk, Wood, and Willmes, 2005; Chinello et



al., 2012). Associations of small with left and large with the right have also been
observed in non-numerical domains, such as days of the week, letters of the alphabet,
months of the year, luminance, and object size (Gevers, Reynvoet, and Fias, 2004;
Shaki and Gevers, 2011; Gevers, Reynvoet, and Fias, 2003; Fumarola et al., 2014; Ren
etal., 2011), as well as in non-numerical magnitudes, such as dot arrays, pitch height,
duration, semantic and physical size of animal names (Nemeh et al., 2018; Rusconi et
al., 2006; Vicario et al., 2008; Rubinstein and Henik, 2002; Dural et al., 2017; but see
also Fias, van Dijck, and Gevers, 2011 for serial position in WM explanation for non-

numerical magnitudes).

Findings from various experimental tasks and across different response and
stimulus modalities, both numerical and non-numerical, highlight the robustness of
spatial-numerical associations. These results suggest that the SNARC effect extends
beyond numerical representations and may reflect a broader spatial association
embedded within cognitive processing. To reveal the neural basis underpinning these
associations, brain imaging studies have provided valuable insights into the specific

regions activated during number processing.

Researchers have long sought to identify specific brain areas involved in
number processing, using various imaging techniques that reveal how numerical
information is processed and localized. Findings consistently indicate bilateral inferior
parietal activation, particularly in the intraparietal sulcus (IPS), during numerical
calculation and comparison, observed across studies using functional magnetic
resonance imaging, fMRI (Roland and Friberg, 1985; Dehaene et al., 1999; Cohen
Kadosh et al., 2005; Klein et al., 2010), positron emission tomography, PET (Dehaene
et al., 1996), ERP (Dehaene, 1996; Keus and Schwarz, 2005; Libertus, Woldorff, and
Brannon, 2007), and functional near-infrared spectroscopy, fNIRS (Cutini et al.,
2012). Thus, imaging studies converge in pointing to the parietal cortex as the primary
region for number processing, with additional involvement of the prefrontal cortex in
complex tasks (Pinel et al., 2001; Dehaene et al., 2003; Hubbard et al., 2005; Nieder,
2005; Menon et al., 2000).

Expanding on the evidence that the parietal cortex, particularly the IPS, plays
a central role in numerical processing, some studies have examined how this region

and others differentially activated during number judgment tasks, such as parity and



magnitude comparison. Distinct activation patterns have been observed when

participants engage in parity judgment in contrast to magnitude comparison.

An fMRI study conducted by Klein et al. (2010) aimed to investigate how the
brain processes numbers presented through auditory stimuli and how this differs across
parity judgment and magnitude comparison. The findings revealed that both tasks
activated the IPS. However, they elicited different patterns of activation. Parity
judgment resulted in more bilateral parietal activity, while magnitude comparison led
to stronger activation in the left IPS. This distinction reflects the different cognitive
demands of implicit (parity judgment) and explicit (magnitude comparison) processing
of numbers. The results also indicated that auditory number processing involves neural
mechanisms similar to those used in number judgment tasks, suggesting that numerical
cognition relies on modality-independent brain regions. Cutini et al. (2012) used
fNIRS to explore the neuronal correlates of the SNARC effect. They observed
increased hemodynamic activity in the bilateral intraparietal sulcus (associated with
numerical magnitude representation) and the left angular gyrus (involved in verbal
number processing) during magnitude comparison, suggesting that numerical
semantics form the cognitive foundation for number—space interactions. These studies
provide insights into the shared and task-specific neural substrates of number

processing.

Based on brain imaging findings related to number processing, Walsh (2003)
introduced A Theory of Magnitude (ATOM), proposing a generalized magnitude
system. ATOM emphasizes the interconnected nature of magnitude, space, and time,
suggesting that these dimensions share overlapping neural resources to facilitate
coordinated actions. The parietal cortex plays a central role in integrating spatial,
magnitude, and time processing, providing a neural basis for behavioral associations
between these dimensions. While ATOM has been supported in several studies (Bueti
and Walsh, 2009; Wihr and Seegelke, 2018; Dural et al., 2018), its potential to explain

magnitude-space interactions within WM remains underexplored.

Studies on different populations also provide insights into the foundations of
the SNARC effect. Research with brain-damaged patients underscores a critical link
between number and spatial processing in the brain. Patients with right hemisphere

lesions and hemispatial neglect show impaired spatial-number associations,



highlighting spatial processing as essential to number representation (Zorzi, Priftis,
and Umilta, 2002; Umilta, Priftis, and Zorzi, 2009). Studies with healthy participants
also reveal spatial biases in number-space tasks, often referred to as pseudo-neglect.
In number bisection tasks, spatial shifts suggest that number processing induces spatial
biases in both clinical and healthy populations (Hubbard et al., 2005; Zorzi et al., 2012;
Fischer, 2001). Potential differences in implicit (parity judgment) and explicit
(magnitude comparison) number processing have also been investigated in patients
with neglect. For example, in Zorzi et al.’s study (2012), right-brain-damaged patients
and healthy participants exhibited a SNARC effect during parity judgments. However,
in magnitude comparison tasks, the SNARC effect persisted only for larger numbers
among patients with neglect, suggesting that neglect selectively modulates SNARC
effect during magnitude comparison but not in parity judgment. They explained this
dissociation by suggesting that magnitude comparison is predominantly influenced by
the visuo-spatial coding, while the SNARC effect in parity judgment is guided by

verbal-spatial coding of numbers, the account proposed by Gevers et al. (2006b).

The SNARC effect has been studied in both preschool children (without
literacy skills) and school-aged children to understand whether spatial-numerical
associations emerge early in development and whether they depend on visuo-spatial
or verbal processing. For example, van Galen and Reitsma (2008) observed the
SNARC effect in 7- to 9-year-olds during magnitude comparison. However, in a
detection task, only 9-year-olds and adults demonstrated a SNARC-like effect, even
though magnitude information was irrelevant to the task. This finding suggests that
automatic spatial-numerical associations may strengthen with age (but see Patro et al.,
2015 for interchangeability of the SNARC effect in 3- and 4-years olds with training
and Imbo et al., 2012 and Hoffman et al., 2013 for opposing views). Bachot et al.
(2005) indicated that the SNARC effect may also depend on children’s visuo-spatial
abilities; while typically developing children showed a SNARC effect in magnitude
comparison, those with visuo-spatial impairments did not, suggesting that visuo-
spatial processing plays a role in establishing number-space representations. This
foundational evidence supports the idea that spatial-numerical associations, although

developing with age, are linked to fundamental cognitive abilities.

While these findings highlight the automatic and embedded nature of spatial-

numerical associations, emerging research points to the flexibility of the SNARC



effect, suggesting that these associations are not entirely fixed but can adjust to various

contextual and task-specific demands.

1.2. Insights into SNARC Flexibility: The Role of Task Context, Cultural, and

Individual Factors

Research on the SNARC effect highlights its flexibility, revealing its
dependency on various contextual factors. Recent studies have demonstrated that this
effect can be influenced by number range, cultural background, individual differences,
task context, and task-specific instructions. One notable aspect of this flexibility is the
emergence of the reverse SNARC effect, in which the typical left-to-right association
of small and large numbers can be reversed under specific conditions. This
phenomenon suggests that space-number associations may dynamically respond to

situational demands.

Dehaene et al. (1993) first demonstrated the range-dependency of the SNARC
effect in Experiment 3, showing that the magnitude of numbers within a specific range
can influence the strength and direction of the SNARC effect. This highlights how
participants may exhibit different spatial-numerical mappings depending on the

numerical range of numbers (see also Fias et al., 1996).

A striking example of the flexibility of the SNARC effect is its susceptibility
to cultural influences, particularly the role of reading and writing orientations. In
Experiment 7 of Dehaene et al. (1993), it was shown that French-Persian monoliterates
and biliterates displayed different SNARC effects based on their reading and writing
orientations. Similarly, Zebian (2005) found a reverse SNARC effect for Arabic
monoliterates and a weak regular (hereafter regular SNARC effect will be used to
differentiate the SNARC and reverse SNARC effect) SNARC for Arabic-English
biliterates due to their bidirectional literacy. Shaki, Petrusic, and Leth-Steensen (2012)
extended these findings by comparing groups from different cultural backgrounds,
including English, Palestinian, and Israeli participants, as well as illiterates. These
studies together demonstrated that cultures with right-to-left reading habits tend to
show a reverse SNARC effect. However, the influence on spatial-numerical

associations is not limited to cultural factors alone.

Beyond cultural influences, task context and instructions can also change the

direction of the SNARC effect. Several studies have demonstrated this by considering



MNL compatible and incompatible representations in number judgment tasks,
allowing to test the long-term spatial representation of numbers and its interaction with

task demands.

In Fischer, Mills, and Shaki’s study (2010), participants completed a parity
judgment task, but instead of the typical setup, numbers were embedded within short
cooking recipes. The spatial positioning of the numbers in the recipes was manipulated
to be either compatible or incompatible with directional reading habits of English and
Hebrew participants. English readers showed a stable SNARC effect both before and
after reading a compatible text. However, the SNARC effect disappeared after reading
an incompatible text. Hebrew readers, who showed no SNARC effect, exhibited a
reverse SNARC effect after reading an incompatible text, but no SNARC effect was

observed either before or after reading a compatible text.

While Fischer et al. (2010) demonstrated that the spatial-numerical
associations can be rapidly altered by manipulating the location of numbers in text,
other studies have shown this flexibility through different task contexts. For example,
Bachtold, Baumdiller, and Brugger (1998) tested two spatial conditions: in the ‘ruler’
condition, where numbers were arranged left-to-right (MNL compatible), participants
exhibited the regular SNARC effect. Conversely, in the ‘clock face’ condition, where
numbers were visualized with small numbers on the right and large numbers on the
left (MNL incompatible), a reverse SNARC effect was observed. These findings
demonstrate that spatial-numerical associations are flexible, and that the direction of

the SNARC effect can be shifted by altering the spatial representation context.

The flexibility of the SNARC effect in response to task context was further
explored by alternating response and spatial mapping rules (Notebaert et al., 2006). In
Experiment 1, participants first completed a magnitude comparison task, with half
assigned to an MNL compatible response mapping and the other half to an MNL
incompatible mapping. Then, they performed an orientation judgment task, pressing
the left button if the number was tilted and the right if it was upright. The results
showed a regular SNARC effect for the MNL compatible group and a reversed
SNARC effect for the MNL incompatible group. In Experiment 2, the orientation task
was combined with a spatial compatibility task, where half of the participants pressed

corresponding left/right if the stimulus was displayed on the left/right, while the other



half pressed left/right if the stimulus was displayed on the opposite right/left-side.
Again, a regular SNARC effect was observed for MNL compatible spatial
arrangements, whereas a reverse SNARC effect was found for MNL incompatible
spatial arrangements. These findings underscore the flexibility of the SNARC effect,
demonstrating that spatial-numerical mappings are not fixed but can be dynamically

changed by task demands and instructions.

Lindemann et al. (2008) explored how number-space associations vary based
on the order of digit sequences with a memory task. Participants memorized digits
arranged in ascending (MNL compatible), descending (MNL incompatible), or
disordered sequences and then completed a parity judgment task. The results showed
a regular SNARC effect for ascending and disordered sequences, but no effect for
descending sequences. These findings suggest that spatial-numerical associations are
not solely the result of automatic cognitive processes but are shaped by the cognitive

coding strategies used to meet task demands.

While task context and cultural influences highlight the flexibility of the
SNARC effect, exploring individual differences also offers insights into how cognitive
abilities and characteristics shape these spatial-numerical associations. To examine the
individual variability characterizing the SNARC effect, researchers have examined the
role of executive functions, including inhibition, WM, general processing speed
(reaction time), and visuo-spatial abilities. Stronger SNARC effects were observed in
participants with poor inhibition ability on the Stroop task, poor mental rotation ability
in 2D mental rotation task, and slower processing speeds (Hoffmann, Pigat, and Schiltz
2014; Viarouge, Hubbard, and McCandliss, 2014; Wood et al., 2008). Conversely, no
significant relationship was found between SNARC and performance on the Simon,
Corsi block, digit span forward (DSF) and backward (DSB) tasks, or the consonant-
vowel-consonant letter tasks (Hoffmann et al., 2014; Herrera, Macizo, and Semenza
2008). Studies that measured WM capacity with a DSB task found a significant
relationship between WM capacity and RT in the parity judgment task, where
participants with higher WM capacity responded faster (Hoffmann et al., 2014).
However, no significant relationship was found between WM capacity and SNARC
slope and size (Herrera et al., 2008; Hoffmann et al., 2014). These findings suggest
that individual differences in WM capacity may play a role in influencing the SNARC

effect, warranting consideration when examining spatial-numerical associations.



These findings show that the SNARC effect is highly flexible, and the reverse
SNARC effect emerges under specific cultural, task-related, and instructional
conditions. The dynamic nature of the MNL highlights that spatial-numerical
mappings are not fixed but are influenced by cultural context, individual differences,
and task demands. Moreover, the role of WM appears pivotal in shaping these
associations, as it enables adaptive engagement with task demands and cognitive load.
Investigating how WM impacts spatial-numerical associations offers valuable insights

into the mechanisms underlying the SNARC effect.

1.3. The Role of Working Memory in Number-Space Associations

Many researchers considered that when individuals engaged in a numerical
task, spatial properties associated with numerical information are temporarily
constructed and represented in memory. This temporary representation depends on
task demands and is built-up during task execution, suggesting a critical role of WM
in number-space associations (van Dijck and Fias, 2011; van Dijck, Gevers, and Fias,
2014). WM is an important cognitive system essential for a wide range of cognitive
functions such as language, learning, reading ability, fluid intelligence,
comprehension, reasoning, problem-solving, and mathematical performance
(Baddeley, 1992; Attout et al., 2014). It enables individuals to encode, represent,
retrieve, and actively manipulate information in mind over a short period, providing
the foundation for information processing in complex and novel situations (Baddeley,
2012; Cowan, 1999; Oberauer, 2002).

In recent years, a great deal of research has investigated WM in relation to
spatial representation of numbers. Researchers tested the SNARC effect with
magnitude comparison and/or parity judgment, after applying various tasks such as
phonological span, visuo-spatial WM, verbal WM, and serial order. Findings of those
studies suggested that numbers are not intrinsically related to space, rather the
association between numbers and space is constructed during the task execution. This
construction is affected by the task difficulty, the emergence and the strength of the
SNARC effect are modulated by different cognitive loads (Herrera et al., 2008; van
Dijck, Gevers, and Fias, 2009; van Dijck and Fias, 2011; Fias et al., 2011; Fias and
van Dijck, 2016; Abrahamse, van Dijck, and Fias, 2016; Deng et al., 2017; Wang et
al., 2018).
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To investigate the role of WM load type and task difficulty on the SNARC
effect, researchers increased the difficulty level through different experimental
paradigms. Herrera et al. (2008) suggested that the association between number and
space can be altered by the task goal, which points to the involvement of WM.
Specifically, they investigated the effects of visuo-spatial and phonological WM loads
on magnitude comparison. Participants first performed a baseline (without a WM load)
magnitude comparison task, followed by a visuo-spatial span test (Corsi Block task),
and phonological span test (using consonant-vowel-consonant letter triplets of non-
words). In both visuo-spatial and phonological span tasks, they were required to
reproduce the presented sequences correctly. The difficulty level of the visuo-spatial
task was manipulated by increasing the number of colored squares from 2 to 9; while
in the phonological task the consonant-vowel-consonant letter triplets were increased
by 2 to 6. Then, they performed a magnitude comparison task right after each WM
task. Results of the study indicated the SNARC effect after phonological WM load,
but the absence of the SNARC effect after visuo-spatial WM load. Based on these
findings, researchers suggested that the type of WM load modulates the SNARC effect.

van Dijck and Fias (2009) examined the number-space associations underlying
the SNARC effect by placing a verbal and visuo-spatial WM load during a parity
judgment and a magnitude comparison task, following the same procedure with
Herrera et al. (2008). They replicated Herrera et al.’s findings, showing that spatial,
but not the verbal load abolished the SNARC effect in a magnitude comparison task.
However, in parity judgment, the SNARC effect was abolished under verbal WM load,
but not under visuo-spatial WM load. van Dijck and Fias concluded that the SNARC
effect changes depending on both the WM load type and the number judgment task.

The involvement of WM in number-space relations was investigated by van
Dijck and Fias (2011) and they argued that the mechanism underlying the association
between numbers and space is the ordinal position of numbers in WM. Specifically, if
an item’s position in a sequence is at the beginning or end it is associated with the left
or right, respectively. To examine this, they asked the participants to memorize a
sequence of numbers (Experiment 1) and fruit and vegetable words (Experiment 2) in
the correct order then they performed a parity judgment. However, in the parity
judgment, researchers instructed them to respond only to the numbers that were in the

memorized sequence to ensure WM access. After they completed the parity judgment
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task, participants were asked to select the memorized sequence from the four different
sequences, which were displayed vertically (Experiment 1) and one by one
(Experiment 2). Their findings indicated an association of the first stimuli with the left
response-side, and between the last stimuli with the right response-side, for both
numerical and non-numerical verbal stimuli. Although they did not find a SNARC
effect in Experiment 1, they demonstrated the effect in Experiment 2 in a separate
parity judgment task. These findings suggest that number-space associations have their
roots in the ordinal positional coding in WM during task execution, offering a WM
account for the SNARC effect as an alternative to the long-term representation of

numbers.

In addition to WM load type, Deng et al. (2017) studied the effect of load
amount on the SNARC effect by employing a n-back task paradigm. Initially,
participants performed a baseline parity judgment or magnitude comparison, without
WM load. Then, n-back tasks with varying load types (verbal load: letters or spatial
load: black squares) with varying load amounts (1-, 2-, and 3-back) and a number
judgment task (parity judgment or magnitude comparison) were consecutively
presented. With this procedure, unlike previous studies, each humber judgment was
verbally or spatially loaded. In the n-back tasks, participants were required to respond
if the displayed item was the same as presented 1, 2, or 3 item(s) before. The results
showed that in parity judgment, irrespective of the type or amount of load, SNARC
effect disappeared. Contrarily, in magnitude comparison, the SNARC effect became
stronger, as the spatial load increased, whereas it weakened as the verbal load
increased. Deng et al. (2017) pointed out that for both parity judgment and magnitude
comparison, WM is crucial, but the type and amount of WM resources are
differentially needed.

Several research suggested that long-term representations of numbers and
temporary position-space representations of numbers in WM coexist. These
representations can either interfere with or cancel each other out depending on the task,
supporting the coexistence of MNL and WM (Lindemann et al., 2008; van Dijck et al.,
2014; Pinto et al., 2019; Ginsburg and Gevers, 2015; Huber et al., 2016; Hepdarcan,
Cetinkaya, and Dural, 2024).
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Ginsburg and Gevers (2015) provided evidence for the coexistence of long-
term numerical representations and temporary number-space associations in WM.
They structured their study in three phases: In the encoding phase, participants
memorized a number sequence in order. Then, in the classification phase (inducer
blocks/go condition), all numbers were displayed, and participants performed a
magnitude comparison task. Following this, in the diagnostic blocks (go-nogo
condition), they compared only the numbers in the memorized sequence. Finally, in
the control phase, participants judged whether a presented sequence matched the one
held in memory. Results showed that during the inducer blocks/go condition, a regular
SNARC effect appeared, but no ordinal position effect was found. In contrast, the
diagnostic blocks/go-nogo condition produced an ordinal position effect without a
regular SNARC effect. In a second experiment, a task-switching paradigm was used
to present inducer and diagnostic blocks randomly within the classification phase.
Results mirrored Experiment 1, revealing a regular SNARC effect during inducer
blocks/go condition and both SNARC and ordinal position effects in the diagnostic
blocks/go-nogo condition. Overall, these findings suggested that while ordinal position
and SNARC effects do not interfere, number-space associations are influenced by both

long-term and short-term representations.

Unlike previous studies, Gut and Staniszewski (2016) took a direct approach
by using recall rates of numbers to assess the SNARC effect. They explored the
interaction between short-term memory (STM) and LTM representations on the
SNARC effect during digit recall without requiring an additional task (e.g., parity
judgment). They hypothesized that small numbers displayed on the left would be
retrieved more quickly than those on the right, due to MNL compatibility. In the
experiment, four digits (laterally left, medially left, medially right, and laterally right)
appeared around a fixation point (e.g., congruent: 1 4 + 5 9; incongruent: 8 4 + 5 2)
and participants memorized these positions. A single digit then appeared at the center
of the screen, and participants indicated its position. Results showed that retrieval
efficiency was influenced by the congruency between a number’s position in STM and
its LTM representation on the MNL, suggesting that LTM modulates digit retrieval

within a spatial context.

In a recent study, Hepdarcan et al. (2024) investigated how congruent,

incongruent, and negatively congruent magnitude-space associations —both numerical
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and non-numerical—affect 1- and 2-back task performance. Instead of focusing directly
on the SNARC effect, the study investigated how magnitude-space relations impact
WM tasks, with emphasis on the role of LTM representations. The study investigated
MNL compatibility, where congruent (e.g., the n-back item 2 on the left- and the test
item 4 on the left-side of the screen), incongruent (e.g., the n-back item 2 on the left-
and the test item 4 on the right-side), and negatively congruent (e.g., the n-back item
2 on the right- and the test item 4 on the right-side), n-back and test items reflect
varying degrees of compatibility. Both congruent and incongruent representations
elicited faster and more accurate responses than negative congruent representations,
suggesting the activation of LTM representations during the WM task. The study

pointed towards the coactivation of LTM and WM in magnitude-space associations.
1.4. The Rationale of the Present Dissertation

Studies testing the predictions of automaticity and irrepressibility in the MNL
explanation of the SNARC effect have highlighted the importance of WM, revealing
that the SNARC effect is flexible and context-dependent. It emerges or diminishes
based on temporary representations activated during WM tasks (Herrera et al., 2008;
van Dijck et al., 2009; van Dijck and Fias, 2011; Deng et al., 2017). This underscores
the need to explore theoretical frameworks of WM to better understand how it

contributes to number-space associations.

The most commonly known WM model is Baddeley and Hitch’s three-
component framework (1974), which is built around the central executive, a limited-
capacity system for attentional control. This central component is supported by two
subsidiary systems: the phonological loop, which maintains and rehearses acoustic or
speech-based information, and the visuo-spatial sketchpad, which performs similar
functions for visual and spatial information. In response to growing evidence
highlighting interactions between WM and LTM, Baddeley (2000) revised the original
model by introducing a fourth component, the episodic buffer, which integrates
information from WM subsystems and LTM to create new episodic memories. As
demonstrated in the literature on the role of WM in number-space relations, cognitive
load is typically imposed on WM through distinct verbal and visuo-spatial tasks,
separately activating the phonological loop and visuo-spatial sketchpad in Baddeley’s
WM model.
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While Baddeley’s WM model emphasizes distinct components within WM,
Oberauer’s (2009) framework offers a more unified explanation of WM by
emphasizing the role of activated LTM and temporary bindings. According to
Oberauer, WM arises from a dynamic interaction between three regions: (1) activated
LTM, which keeps background information accessible and allows for easy retrieval
when needed (e.g., activating numerical representations); (2) the direct access region,
which has a limited capacity and forms temporary bindings between contents and
contexts (e.g., associating numbers with spatial locations during task execution); and
(3) the focus of attention, which selects relevant information from the direct access
region for cognitive action (e.g., identifying task-relevant numbers in memory). To
clarify the previously abstract concept of “activated LTM” Oberauer proposes a

detailed account of how LTM contributes to WM processes.

Recent studies emphasizing the critical role of WM in explaining the SNARC
effect suggest that Oberauer’s WM model provides a valuable framework for such
investigations (Ginsburg et al., 2015; Abrahamse et al., 2014, 2016; Guida and
Campitelli, 2019). Unlike Baddeley’s modular model, which separates verbal and
visuo-spatial tasks into distinct subsystems, Oberauer’s model conceptualizes WM as
a unified system that interacts dynamically with activated LTM, offering a refined
perspective on how cognitive loads influence spatial-numerical associations. It
explains number-space associations as emerging from dynamically organized
representations within WM, with LTM integration playing a central role in task

execution.

While previous research has primarily relied on Baddeley’s WM model, this
dissertation adopts Oberauer’s framework to examine cognitive loads on WM. In this
context, Oberauer’s model was operationalized by constructing cognitive loads based
on long-term representations of numbers and their compatibility or incompatibility
with the MNL. These loads —implemented as space, magnitude, and magnitude-space
WM tasks— allow for a dynamic exploration of how activated LTM and WM interact
to shape number-space associations, making Oberauer’s model particularly suited for

investigating the SNARC effect in relation to the MNL.

Specifically, the cognitive loads were constructed by incorporating long-term

representations of numbers through MNL compatible and incompatible loads, based
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on their numerical magnitude and spatial positioning. As pointed out earlier, the effect
of MNL compatibility has been examined in various formats in studies exploring the
flexibility of the SNARC effect, such asin task contexts, response and spatial mapping,
and memory tasks (Fias et al., 2010; Bachtold et al., 1998; Notebaert et al., 2006;
Lindemann et al., 2008). However, none of the studies that addressed the SNARC
effect considered MNL compatibility as a cognitive load, which would integrate MNL
and WM accounts in number-space associations. Building on this idea, it is proposed
that the compatible/incompatible representations of numbers with LTM which are
activated as cognitive loads might contribute or disrupt WM to function, hence impact

number judgments.

To attain a deeper understanding of the spatial representations of numbers,
Walsh’s (2003) ATOM model is particularly relevant. ATOM posits that overlapping
cortical regions in the brain establish a common metric system, allowing for the
common processing of magnitude, space, and time. Building on this concept, this
dissertation focused on the number-space relationship by examining the numerical
magnitude and space components. These components were implemented as cognitive

load types in WM, constructed as space, magnitude, and magnitude-space.
1.5. The Aim and Hypotheses of the Present Dissertation

This dissertation aimed to investigate the effects of magnitude-space-based
numerical WM loads on the SNARC effect across different number judgment tasks.
To achieve this, participants completed a numerical 1-back task with three types of
WM loads as space, magnitude, and magnitude-space, where small or large numbers
were presented on the left- or right-side of the screen. These presentations were either
MNL compatible (small-left, large-right) or MNL incompatible (small-right, large-
left). Following each number presentation, participants performed one of two number

judgment tasks: parity judgment or magnitude comparison.

In the n-back task, participants were instructed to respond as a target if the
presented number was in the same spatial position (space load), the same magnitude
category (magnitude load), or both in the same spatial position and magnitude category
(magnitude-space load), as the number presented one trial earlier. No response was
required for non-targets. In the SNARC tasks, participants were either asked to

determine whether the presented number was even or odd (parity judgment), or smaller
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or larger than 5 (magnitude comparison) with counterbalanced left/right response
sides. To examine the effects of MNL compatibility of the WM load and WM load
types on number judgments, unstandardized SNARC slopes, difference reaction time
(dRT), and the interaction between magnitude (small, large) and response-side (left,

right) on reaction time measures were evaluated.

Hypothesis 1: Magnitude-Space-Based WM Loads are Expected to Impact the
Emergence of the SNARC Effect

Based on the findings of van Dijck et al. (2009), Herrera et al. (2008), and Deng
et al. (2017), which show that WM loads influence spatial-numerical associations, it
is hypothesized that WM load will affect both the emergence and strength of the
regular (small-left/large-right) SNARC effect compared to the baseline condition.
Differential cognitive demands imposed by different types of WM load are expected
to modulate the SNARC effect.

Specifically, under spatial and magnitude WM loads, regular SNARC effects
are expected to occur, as neither load type imposes heavy cognitive demand on WM,
making interference with number judgments unlikely. However, there are differences
in the cognitive demands between the two loads. The spatial WM load is considered
less demanding because it primarily activates the visuo-spatial system, which places
lower cognitive demands on WM. This reduced demand may allow for a stronger
regular SNARC effect. In contrast, the magnitude WM load requires participants to
engage with numerical magnitude-related resources, thereby increasing cognitive
demand. Although the regular SNARC effect is still expected to emerge, under the
magnitude WM load, it may be slightly weaker compared to the spatial WM load due

to the higher cognitive demands associated with processing numerical information.

In the case of the magnitude-space load, where participants simultaneously
process both magnitude and spatial information, a higher cognitive load is imposed
compared to the other two loads. Despite this added cognitive demand, simultaneous
processing of magnitude information and space is expected to activate the spatial
representations of numbers due to the close relationship between magnitude and space
as proposed by ATOM (Walsh, 2003). Therefore, the magnitude-space load is
expected to reinforce the emergence of a regular SNARC effect, rather than weaken

or abolish it.
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Hypothesis 2: MNL Compatibility of the WM load is Expected to Impact the
Direction of the SNARC Effect

Based on the results of Fischer et al. (2010), Bachtold et al. (1998), and
Lindemann et al. (2008), which demonstrated the influence of task context and
demands on spatial-numerical associations through MNL compatible and
incompatible representations, it is hypothesized that the compatibility of WM loads
with the MNL will affect the direction of the SNARC effect. Specifically, when WM
loads are compatible with the MNL, a regular SNARC effect (small-left/large-right) is
expected. Conversely, when WM loads are incompatible with the MNL, a reverse
(small-right/large-left) SNARC may be observed. Under MNL incompatible WM
loads, small numbers will be associated with faster right-sided responses, and large
numbers with faster left-sided responses, contrary to the regular SNARC effect. This
reversal is hypothesized to occur because MNL incompatible WM loads disrupt long-
term spatial representation of numbers, causing interference in accessing the cognitive
resources required for typical numerical processing. This interference is likely to

reverse the regular spatial-numerical mapping.

Hypothesis 3: MNL Compatibility of the WM load and WM load Type are
Expected to Modulate the Direction of the SNARC Effect

It is hypothesized that the direction of the SNARC effect will be influenced by
an interaction between MNL compatibility and WM load type (space, magnitude, and
magnitude-space). Specifically, MNL compatible WM loads are expected to reinforce
the emergence of a regular SNARC effect across all WM load types. While MNL
incompatible WM loads may reverse the SNARC effect, particularly under magnitude
and magnitude-space WM loads, where cognitive demand is higher compared to
baseline and space WM load.

Hypothesis 4: MNL Compatibility of the WM load, WM load Type, and The
Number Judgment Task are Expected to Modulate the Direction of the SNARC
Effect

van Dijck and Fias (2009) and Deng et al. (2017) showed that the SNARC
effect varied depending on both the type of WM load and the number judgment task.
In parity judgment, magnitude information is activated implicitly and task-driven,

however, in magnitude comparison, magnitude information is activated automatically
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and task-dependently. Previous research, such as Deng et al. (2017), showed that the
SNARC effect disappeared after both verbal and visuo-spatial WM loads in parity
judgment. However, in magnitude comparison, the SNARC effect was reduced after
verbal load but became stronger after visuo-spatial load. Building on these findings, it
is hypothesized that MNL compatible WM loads, particularly under magnitude and
magnitude-space WM loads, will strengthen the SNARC effect during magnitude
comparison. Since spatial and magnitude information are being processed explicitly
during task execution, these WM loads are expected to reinforce spatial-numerical
associations and lead to a stronger SNARC effect. In parity judgment task, however,
MNL incompatible WM loads, particularly under magnitude and magnitude-space
WM loads, may interfere with the activation of spatial-numerical mappings. This
interference is hypothesized to lead to a weaker or abolished SNARC effect, as the
MNL incompatible cognitive load involved in processing magnitude and both
magnitude and spatial information may overwhelm the implicit processes underlying
the SNARC effect.
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CHAPTER 2: PILOT STUDIES

Before conducting the main study, two pilot studies were carried out. Previous
research has provided evidence of spatial-number associations in Turkish participants
(Dural et al., 2018; Hepdarcan et al., 2021). However, these studies did not directly
investigate the SNARC effect; instead, they examined related phenomena, such as
MNL alignment within a false memory paradigm and the distance effect using a go/no-
go procedure, respectively. Similarly, attentional SNARC studies employed
methodologies distinct from traditional SNARC paradigms, such as using eye
movements and a spacebar for responding (Atalar et al., 2022) or directional keys on
a keyboard (Salman, 2021). This highlights the need for Pilot Study 1 to explore the
distribution and characteristics of the SNARC effect in a Turkish sample. Furthermore,
Pilot Study 2 was conducted to assess the dissertation’s design, ensure the
experimental program ran smoothly, and confirm that the instructions were clearly

understood and accurately followed.

2.1. Pilot Study 1

The aim of Pilot Study 1 was to examine the distribution of the SNARC effect
in a Turkish sample and investigate its potential variation based on gender, hand
preference, and starting finger used for counting. Additionally, the study explored
participants’ pre-existing spatial biases through number bisection and line bisection
tasks, as well as their relationship with number judgment tasks. Finger counting habit
was examined in the pilot study as it has been proposed as a potential modulator of
space-number associations (Fischer, 2008; Fischer and Brugger, 2011; Prete and
Tommasi, 2020). Similarly, bisection tasks were included as alternative measures to
assess spatial-numerical associations, providing additional insights into participants’
spatial biases (Fischer, 2001; Fischer and Shaki, 2014).

2.1.1. Method

2.1.1.1. Participants

Pilot Study 1 included 64 voluntary university students (43 females; mean of
age (Mage) = 20.47 years, age range = 18-30 years, standard deviation of age (SDage) =
2.66). Among them, 34 participated in the parity judgment task, and 30 in the

magnitude comparison task. A total of 59 participants were right-handed, and 46 were
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observed starting with their right hand in finger counting. Regarding finger counting
preferences, 38 began with their thumbs, 15 with their index fingers, and 11 with their
little fingers. None of the participants had previously taken part in a study investigating
number-space relations. All participants provided written informed consent and self-

reported as generally healthy.
2.1.1.2. Stimuli and Apparatus

In the number judgment tasks, stimuli consisted of numbers from 1 to 9
(excluding 5) displayed individually in black against a white background (Courier
New, 55-point font). The stimuli were presented using SuperLab software (Version
4.0, Cedrus, Inc.) on a 20-inch LCD monitor with a resolution of 1600 x 900 and a
refresh rate of 60 Hz. Participants responded using the “A” (leftmost) and “I”
(rightmost) keys on a Turkish QWERTY keyboard. Finger counting habits were
verbally obtained from the participants, and their responses were recorded. Bisection

tasks were administered in a paper-pencil format.

2.1.1.3. The SNARC effect (The Number Judgment Tasks: Parity Judgment and

Magnitude Comparison)

In the number judgment tasks (parity judgment and magnitude comparison),
each trial began with a 300 ms white fixation rectangle outlined in black (22 mm x 32
mm), followed by a single number from the set “1, 2, 3,4, 6,7, 8, and 9”, displayed at
the center of the screen. The number remained on the screen until the participant
responded using either “A” or “I” key or for a maximum of 1300 ms if no response
occurred. A 1500 ms blank screen followed each trial, resulting in a 2800 ms response
window per number. Both the parity judgment and magnitude comparison tasks
consisted of two blocks with reversed response key assignments, separated by a 30-

second rest period.
2.1.1.4. Finger counting habits

Participants were verbally instructed to imagine counting from 1 to 10 and to
show how they count using their fingers. Their responses, including the starting hand

and the specific starting finger, were recorded on the participants’ forms.
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2.1.1.5. Bisection tasks (Line Bisection and Number Bisection)

Following Fischer’s (2001) methodology, the bisection task involved
presenting participants with two A4 sheets placed along a midsagittal plane. Each sheet
contained either 16 lines or 16 digit strings, with the order of presentation
counterbalanced. The lines were either 59 mm or 63 mm in length and 1 mm in width.
The digit strings consisted of 17 or 18 repeated digits, formatted in 18-point Monaco
font, using “1” or “2” for the small numbers and “8” or “9” for the large numbers. To
avoid reliance on previous judgments, the stimuli were intentionally misaligned.
Participants were instructed to bisect the lines and digit strings by placing a vertical
mark with a pencil. They were explicitly asked not to count the digits and instead to
base their judgments on visual estimation. The task was supervised to ensure

compliance with the instruction to avoid counting.
2.1.1.6. Procedure

Participants were asked to fill out the Participant Information Form, Informed
Consent Form, Demographic Information Form, and Edinburgh Handedness
Inventory. Each participant was either assigned to the parity judgment or the
magnitude comparison task, and tested individually in a sound-isolated, dimly lit
experimental chamber at the Neuroscience of Mind and Behavioral Research
Laboratory, Izmir University of Economics. In the parity judgment task, participants
identified whether a centrally displayed number was odd or even, while in the
magnitude comparison task, they determined whether the number was smaller or larger
than the reference number 5. Responses were made by pressing either the “A” or the
“I” keys on a keyboard, using their left or right index fingers, respectively. Each task
began with a practice session, where participants judged each number once to
familiarize themselves with the procedure. The experimental session consisted of two
blocks, with the block order counterbalanced across participants. Each number
appeared 11 times per block, resulting in a total of 176 trials. Participants were

instructed to respond both quickly and accurately.

After completing the number judgment task, participants in both number
judgment groups were required to perform the bisection tasks. To control for potential
order effects, half of the participants completed the bisection tasks first, followed by

the number judgment task, while the other half began with the number judgment task
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first and completed bisection tasks afterward. In addition, the administration order of
the bisection tasks was also counterbalanced across participants. Finger counting
habits were assessed verbally by asking participants to imagine counting from 1 to 10
and they were required to show with their fingers how they count. Finger counting
habits were obtained either before or after the experimental sessions, with this order

counterbalanced among participants.
2.1.2. Results

The SNARC effect was assessed using the linear regression approach (Fias et
al., 1996). Individual slopes were calculated by regressing dRTs (mean RT for the right
hand - mean RT for the left hand) on number magnitude. All analyses related to the
SNARC effect were based on these calculated individual slope values. When the
distribution of SNARC slopes was examined to explore participants’ general
tendencies regarding numbers and space, the SNARC effect was found to follow a
normal distribution in both the parity judgment task (D(34) = 0.09, p > .05; Skewness
= -0.58, Kurtosis = 0.30) and the magnitude comparison task (D(30) = 0.13, p > .05;
Skewness = 0.15, Kurtosis = 0.17). Additionally, no significant differences were found
between the SNARC scores (t(41) = -0.27, p > 0.05) of participants in the parity
judgment and magnitude comparison tasks, nor in their performance on the number
bisection (t(62) = -0.41, p > 0.05) and line bisection tasks (t(62) = -0.36, p > 0.05).
Furthermore, participants’ performance on SNARC tasks did not significantly differ
based on gender, dominant hand (right or left), or whether they initiated finger
counting with their right or left hand (t(62) = -1.27, p > 0.05; t(62) = -1.22, p > 0.05;
t(62) = -0.43, p > 0.05, respectively). Correlation analyses also revealed no significant
relationships between the slope and hand preference scores (r = -0.08), number

bisection (r = -0.18), and line bisection performance (r = -0.25), with all ps > 0.05.
2.1.3. Conclusion

Overall, the findings of Pilot Study 1 demonstrated that the SNARC effect
followed a normal distribution in this sample. No significant differences were observed
between parity judgment and magnitude comparison tasks. Furthermore, gender,
handedness, finger counting habits, and bisection tasks neither correlated with nor

influenced the SNARC effect. Consequently, the main study of this dissertation did
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not account for gender or handedness, nor did it include additional space-number-

related tasks.
2.2. Pilot Study 2

The aim of Pilot Study 2 was to investigate how magnitude-space-based
numerical WM loads influence the SNARC effect across different number judgment
tasks. This pilot study served as a preliminary evaluation to ensure that the
experimental framework was well-designed to address the primary objectives of the
dissertation. Specifically, Pilot Study 2 assessed the feasibility of the study’s design,
ensured the experimental program functioned as intended, and verified that the
instructions were clear, and the task requirements were accurately completed.
Additionally, it aimed to identify potential issues related to task implementation, data
collection, or participant compliance, allowing for necessary adjustments to be made

prior to the main study.
2.2.1. Method

2.2.1.1. Participants

Pilot Study 2 was conducted with 60 voluntary university students who were
randomly assigned to one of the number judgment tasks. Upon reviewing the data, it
was identified that three participants in the magnitude comparison task and one
participant in the parity judgment task did not correctly follow the response-mapping
rules in the second block of the number judgment tasks. Additionally, the data of two
participants in the magnitude comparison task and one participant in the parity
judgment task were incomplete due to their withdrawal from the experiment, stating
its extended duration. Consequently, a total of 53 participants (41 females; Mage =
21.68 years, range = 18-30 years, SDage = 1.65) completed Pilot Study 2, with 28
participants assigned to the parity judgment task and 25 to the magnitude comparison
task. Among them, 50 participants were right-handed. None had prior experience with
studies exploring number-space relationships. All participants provided written

informed consent and reported being in good health.
2.2.1.2. Stimuli and Apparatus

The stimuli consisted of single-digit numbers from 1 to 9, excluding 5. In the

number judgment tasks, each number was presented in black Courier font (48-point)
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at the center of the screen. For the WM loads, numbers were presented in black Times
New Roman font (48-point) on either the left- or right-side of the screen. All stimuli
were displayed on a white background to enhance visibility. Different font types were
used for each task to create a clear contrast, signaling the upcoming task. Stimuli
presented using SuperLab software (Version 4.0, Cedrus, Inc.) and responses were
recorded via a Turkish QWERTY keyboard. For the number judgment tasks,
participants used the “A” and “I” keys to respond to the numbers. For the WM loads,
half of the participants responded to the target numbers using the “B” key and to the

non-targets using the “N”. The other half responded with the reverse key assignments.

2.2.1.3. The SNARC Effect (The Number Judgment Tasks: Parity Judgment and

Magnitude Comparison)

In the baseline (no load) number judgment tasks (parity judgment and
magnitude comparison), each number “1, 2, 3, 4, 6, 7, 8, and 9” was displayed at the
center of the screen following a fixation cross (300 ms). Each number remained for
1500 ms or until a response was made, followed by an inter-stimulus interval (1SI) of
1000 ms (van Dijck and Fias, 2011). Each number was presented 9 times (once for
practice), resulting in a total of 64 trials per block. Two blocks, with response-mapping
rule reversed between blocks, allowed participants to evaluate a total of 144 numbers,
including practice trials. The order of the SNARC response mappings was
counterbalanced: some participants began with a compatible response-mapping rule
(e.g., for parity judgment: odd-left/even-right; for magnitude comparison: small-
left/large-right), while others started with an incompatible rule (e.g., for parity

judgment: odd-right/even-left; for magnitude comparison: small-right/large-left).

For the number judgment tasks under WM loads, the same procedure was
followed; however, each number was presented following the completion of an n-back

judgment.
2.2.1.4. Working Memory Loads (The n-back Task)

The 1-back procedure was employed for the WM task, which consisted of three
load types: space load, magnitude load, and magnitude-space load. In each WM load
type, following a fixation cross (500 ms), the numbers (1, 2, 3, 4, 6, 7, 8, and 9) were
presented on either the left or right side of the screen for 2000 ms or until a response

was made (Deng et al., 2017). Each number was displayed 8 times, resulting in a total
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of 64 n-back judgments per block, comprising 12 target and 52 non-target trials. The
occurrence of targets and non-targets was determined pseudorandomly to maintain a
consistent rate for each number as both target and non-target. MNL compatible and
MNL incompatible loads were administered in separate blocks within each WM load
type. Participants completed the tasks across two blocks: in one block, numbers were
presented in an MNL compatible arrangement (e.g., ‘1’ on the left and ‘9’ on the right),
and in the other, numbers were presented in an MNL incompatible arrangement (e.g.,
‘1’ on the right and ‘9’ on the left). Each block included all three WM load types, with
participants completing six trials in total, ensuring a balanced and unbiased sequence
of tasks. Within each number judgment task, some participants completed the MNL
compatible loads first, followed by the MNL incompatible loads, whereas others
followed the reverse order. The order of MNL compatibility was counterbalanced
across participants, and the presentation order of the WM load types within each block

was randomized.
2.2.1.5. Design

Pilot Study 2 employed a mixed-design witha2 X 2 X 4 X 2 X 2 structure.
The first factor was the number judgment task (parity judgment, magnitude
comparison), which was a between-subject factor. The second factor was the MNL
compatibility (compatible, incompatible). The third factor was the WM load type
(baseline, space load, magnitude load, magnitude-space load). The fourth factor was
the magnitude (small, large) and the fifth factor was the response-side (left, right),

which were within-subjects factors, repeated across participants.

2.2.1.6. Procedure

Participants were asked to fill out the Participant Information Form, Informed
Consent Form, Demographic Information Form, and Edinburgh Handedness
Inventory. Participants were assigned to either the parity judgment or magnitude
comparison task. Seated approximately 65 cm from the monitor, they performed the
tasks in a soundproof and dimly lit experimental chamber at the Neuroscience of Mind
and Behavioral Research Laboratory of Izmir University of Economics, maintaining
this position throughout the session. Experimental sessions started with practice trials
of the baseline (no load) SNARC task. The experimental procedure for both the parity

judgment and magnitude comparison tasks in the baseline (no load) condition followed
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the same structure as described in Pilot Study 1. However, stimuli numbers and
stimulus durations differed from those used in Pilot Study 1. For the parity judgment
task, numbers were presented one by one at the center of the screen between left- and
right-sided n-back stimuli. If the number was odd, participants were instructed to press
the “A” key with their left index finger, and if it was even, they pressed the “I” key
with their right index finger. For the magnitude comparison task, participants pressed
the “A” key with their left index finger if the number was smaller than 5, and the “I”
key with their right index finger if it was larger than 5.

Before starting the next experimental program, participants were shown an
instructional screen explaining the small (1-2-3-4) and large number categories (6-7-
8-9). Following this, participants completed a practice session for the upcoming task,
where each number was evaluated once, with verbal feedback provided by the
researcher. If a participant indicated any misunderstanding or confusion regarding the
task, the researcher repeated the practice trial until both the participant and the
researcher confirmed that the task was fully understood.

In the space load condition, participants pressed the “B” key with their thumb
if the number appearing on the left or right side of the screen were in the same spatial
position as the previously presented number (target) and pressed the “N” key if it
differed (non-target). For example, if the number 1 appeared on the left and the
previously presented number 2 had also appeared on the left, the number 1 was a target,
prompting a “B” key press. Conversely, if the number 6 appeared on the right and the
previously presented number 4 had appeared on the left, the number 6 was a non-
target, requiring a “N” key press.

In the magnitude load condition, participants pressed the “B” key with their
thumb if the number appearing on the left or right side of the screen belonged to the
same magnitude category as the previously presented number (target) and pressed the
“N” key if it differed (non-target). For example, if the number 1 was smaller than 5,
and the previously presented number 2 was also smaller than 5, the number 1 was a
target, prompting a “B” key press. Conversely, if the number 6 appeared on the right
and was larger than 5, while the previously presented number 4 was smaller than 5,
the number 6 was a non-target, requiring an “N” key press.

In the magnitude-space load condition, participants pressed the “B” key with
their thumb if the number appearing on the left or right side of the screen was in the

same spatial position and belonged to the same magnitude category as the previously
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presented number (target) and pressed the “N” key if it differed (non-target). For
example, if the number 1 (smaller than 5), presented on the left, and the previously
presented number 2 was also smaller than 5 and shown on the left the number 1 was
considered a target, prompting a “B” key press. Conversely, if the number 6 appeared
on the right and was larger than 5, while the previously presented number 4 was
displayed on the left and was smaller than 5, the number 6 was a non-target, requiring
an “N” key press.

For the number judgment tasks under WM loads, numbers were presented one
by one at the center of the screen between the left- and right-sided n-back stimuli. In
the parity judgment task, participants were instructed to press the “A” key with their
left index finger if the number was odd, and the “I” key with their right index finger if
it was even. In the magnitude comparison task, participants pressed the “A” key with
their left index finger if the number was smaller than 5, and the “I” key with their right

index finger if it was larger than 5.
2.2.2. Results

The main effect of the MNL compatibility order, a variable that must be
controlled, was statistically significant, F147y = 11.90, p < .05, np? = .20. Bonferroni
corrected pairwise comparisons indicated that participants who completed MNL
compatible loads first responded faster than those who completed it later (M =1067.24,
SD = 187.18; M = 1258.27, SD = 222.82). Also, MNL compatibility order interacted
with MNL compatibility, Fua7) = 34.72, p < .05, np? = .43. Simple effect analysis
revealed that participants who started with the MNL compatible loads responded
slower to MNL compatible loads compared to those who started with the MNL
incompatible loads, Fa47 = 19.31, p < .05, np? = .29. Conversely, participants who
took MNL incompatible loads first responded slower to MNL incompatible loads than
the ones who took MNL compatible loads first, F147) = 15.48, p < .05, ny? = .25. The
three-way interaction between MNL compatibility, MNL compatibility order, and the
number judgment task was found to be statistically significant, F(147) = 34.72, p < .05,
ne? = .43. Simple effect analysis revealed that participants who took parity judgment
task and started with MNL compatible loads, responded faster to MNL incompatible
loads compared to compatible loads, F47)=12.58, p < .05, np? = .21, MD = -116.39,
SE =32.81, whereas participants started with MNL incompatible loads, responded

faster to MNL compatible loads compared to incompatible loads, F47) = 35.42, p <
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.05, np? = .43, MD = -195.29, SE =32.81. Participants who took magnitude comparison
task and started with MNL compatible loads, responded faster to MNL incompatible
loads compared to compatible loads, Fa47) = 7.44, p < .05, ny? = .14, MD = -100.97,
SE =37.02.

The five-way interaction between MNL compatibility, WM load type, number
judgment task, magnitude and response-side was not found statistically significant.
However, with the involvement of the MNL compatibility load order, the six-way
interaction became statistically significant, Fpe4 = 3.13, p < .05, np? = .06. For
example, compared to participants who started with MNL incompatible loads, those
who started with MNL compatible loads and took parity judgment task responded
faster to MNL incompatible loads for small numbers on both the left- and right-sides
under space load, left: F147) = 3.78, p < .05, np? = .07, MD = -186.32, SE = 95.87,
right: Fa 47 = 8.36, p < .05, np? = .15, MD = -313.18, SE = 108.31; magnitude load,
left: Fia7) = 5.48, p < .05, np? = 10, MD = -254.75, SE = 108.80, right: F1.47) = 7.40,
p <.05, np?= .14, MD = -288.82, SE = 106.20; and magnitude-space load, left: F(0a)
=6.70, p < .05, np? = .13, MD = -276.48, SE = 106.81, right: Fq 47 = 10.64, p < .05,
np? = .19, MD = -304.64, SE = 93.40.

This interaction highlights a potential limitation in the study, where initial
exposure to MNL incompatible loads may have influenced the subsequent response
strategy or cognitive processing in later blocks. These findings imply that the order of
MNL load presentation could act as a confounding variable, potentially biasing the

results.
2.2.3. Conclusion

The results of Pilot Study 2 revealed that the order of MNL compatibility acted
as a confounding variable. Although participants completed a practice session —
apparently insufficient, as later increased in the main study— they often struggled with
the initial trials, resulting in failures and incorrect responses. As participants required
time to familiarize themselves with the task, their performance improved in subsequent
trials. To avoid overwhelming participants, all task conditions in Pilot Study 2 were
presented only once. However, this limitation made it difficult to calculate the SNARC

effect, particularly when a high number of errors occurred during a single trial. Based
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on these findings, in the main study, MNL compatibility was treated as a between-

subject variable, which also allowed for an increased number of stimuli presentations.

Regarding the n-back task, participants reported that managing four response
keys (“A” and “I”” for the number judgment task and “B” and “N” for WM loads) and
keeping track of the response rules was cognitively demanding. Furthermore, it was
observed that participants frequently shifted their finger positions to respond to both
target and non-target numbers in the n-back task, potentially affecting their reaction
times in the number judgment tasks. Maintaining steady finger positioning is critical
in SNARC tasks, as disruptions can interfere with the activation of response codes. To
address this issue, participants in the main study were required to respond only to
targets using their thumbs and the spacebar during the n-back tasks. This approach has
been documented in previous n-back studies (e.g., Jaeggi et al., 2008a, 2008b; Deng
etal., 2017).

Additionally, participant feedback revealed that in the magnitude-space load
condition, individuals often unintentionally prioritized one task over the other,
potentially affecting task interactions. To mitigate this, the main study included an
instruction-based approach: half of the participants in each MNL load condition were
instructed to prioritize spatial position, while the other half were instructed to prioritize
magnitude category during the magnitude-space task. While task prioritization is often
uncontrolled in many WM studies (e.g., Jaeggi et al., 2008a, 2008b; Deng et al., 2017),
this study followed a controlled approach by manipulating task instructions, as seenin
few studies (e.g., Beurskens et al., 2020; Bherer et al., 2008). No significant

differences were anticipated between the instruction groups.

Based on the findings and observations from Pilot Study 2, several adjustments
were made in the main study to address identified issues and enhance its design. These
adjustments included incorporating the MNL compatibility of the load as a between-
subject variable, doubling the total number of trials in both practice and the main
experiment, reducing the number of response keys in the WM load types, and
introducing additional instructions in the magnitude-space load condition to control

task prioritization.
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CHAPTER 3: THE MAIN STUDY

3.1. Method
3.1.1. Participants

Data was collected from 110 university students who met the following
criteria: right-handed, normal or corrected-to-normal vision, self-reported as healthy,
and did not participate in any number judgment studies before. This study was
approved by the Ethics Committee of the 1zmir University of Economics (approval
number: B.30.2.1EU.0.05.05-020-156, see Appendix E for Ethical Board Approval).
Written informed consent was obtained from all participants, who were then randomly
assigned to one of the number judgment tasks. The adequacy of the sample size was
calculated using an a priori power analysis in the pwr package of RStudio, based on
the two main between-subjects variables: number judgment task (parity vs. magnitude
comparison) and MNL compatibility of the WM load (compatible vs. incompatible).
With Cohen’s f2as the measure of effect size of .45 for ANOVA, a significance level
of .05, and 20 participants per condition (parity judgment and MNL compatible load,
parity judgment MNL incompatible load, magnitude comparison and MNL compatible
load, and magnitude comparison MNL incompatible load), the calculated power was
.95. After reviewing participants’ responses, 7 participants were excluded due to
inappropriate responses (e.g., pressing the incorrect response key, such as pressing “I”
instead of the instructed “A”, for even responses in the SNARC tasks, or failing to
respond during the n-back task) leaving a sample of 103 participants. Following data
processing (see Results Section), 3 additional participants were excluded, resulting in
a final sample of 100 participants (67 female, 95 right-handed, Mage = 21.27 years,
range = 18-30 years, SDage = 2.05). At the end of the study, all were given a grocery
coupon for their participation. For further details on participant distribution across

experimental conditions, see Table 1.
3.1.2. Stimuli and Apparatus

The stimulus characteristics were the same as in Pilot Study 2, with the
exception that for the WM loads, responses to target numbers were made using the

spacebar, and no response was required for non-targets.
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Table 1. Number of Valid Data in Each Experimental Condition

Parity judgment Magnitude comparison

MNL MNL MNL MNL
compatible  incompatible compatible incompatible

First . Prioritize 7 4 6 o
compatible space
response
mapping in Pl'lOl'lFlZG 4 5 5 .
SNARC magnitude
Fu’st ‘ Prioritize g ; o .
incompatible space
response
mapping in Pr10r1'tlze 4 ; ; s
SNARC magnitude
N= 23 23 27 27
N= 46 54

3.1.3. The SNARC Effect (The Number Judgment Tasks: Parity Judgment and

Magnitude Comparison)

In the baseline number judgment tasks (parity judgment and magnitude
comparison), each number “1, 2, 3,4, 6, 7, 8, and 9”” was displayed at the center of
the screen following a fixation cross (300 ms). Each number appeared for 1500 ms
or until a response, followed by an ISI of 1000 ms (van Dijck and Fias, 2011). Each
number was presented nine times (one for practice), resulting in a total of 64 trials
per block. Two blocks, with response codes reversed between blocks and their
presentation order was counterbalanced across participants. Some participants
started number judgment tasks with compatible response-mapping rule, whereas
others with incompatible. Participants evaluated a total of 144 numbers, including
practice trials.

For SNARC tasks under WM load types, the same procedure was followed,;

but each number was presented after completing an n-back judgment.
3.1.4. Working Memory Loads (The n-back Task)

The WM load was manipulated exactly the same with Pilot Study 2, with
space, magnitude, and magnitude-space loads. Following a 500 ms fixation cross,

numbers from 1 to 9, excluding 5, were presented 16 times each for 2000 ms or
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until a response (Deng et al., 2017), in either MNL compatible or MNL
incompatible formats.

In the MNL compatible load condition, smaller numbers appeared on the
left-side of the screen, and larger numbers appeared on the right-side (e.g., 1 from
the left, 9 from the right). In the MNL incompatible load condition, smaller
numbers appeared on the right, and larger numbers on the left (e.g., 1 from the right,
9 from the left). Each trial consisted of 128 n-back judgments (24 targets, 104 non-
targets) with all three WM load types —space, magnitude, magnitude-space—
presented within each block. The number of targets and non-targets were
determined pseudorandomly, ensuring that the rate of occurrence for each number
as a target and non-target remained constant. Each block also included either
compatible or incompatible response mapping rules for the number judgment task,

resulting in a total of 6 blocks per participant.
3.1.5. Working Memory Capacity (The Digit Span Backward Task)

The relationship between the DSB task performance and SNARC measures
(e.g., reaction times in number judgment tasks, SNARC slope, and effect size) remains
inconclusive. Nevertheless, the DSB task (Wechsler, 1997) was included to assess
participants’ WM capacity, as WM capacity may influence the SNARC effect.
Accounting for individual differences in WM is essential when examining spatial -
numerical associations. Therefore, to ensure comparable WM capacities among
participants and address these individual differences in relation to the SNARC effect,

the DSB task was incorporated.

The DSB task involves recalling digits in reverse order. In this study, digit
sequences began with two digits (e.g., 1-5) and increased up to seven digits (e.g., 4-7-
3-9-1-2-8). Each sequence was shown twice with unique digits, presented at one per
second at the center of the screen. Participants were instructed to repeat each sequence
in reverse order as accurately as possible, and responses were recorded manually. The
task ended when participants provided incorrect answers for both trials of a sequence.
Reproduction of the sequence before completion was not allowed. A sample answer

sheet for the DSB task can be found in Appendix D.
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3.1.6. Design

The study employed a mixed-design witha 2 X 2 X4 X 2 X 2 structure. The
first factor was the number judgment task (parity judgment, magnitude comparison),
and the second factor was the MNL compatibility condition (compatible,
incompatible). Both were between-subjects factors. The third factor was the WM load
type (baseline, space load, magnitude load, magnitude-space load). The fourth factor
was the magnitude (small, large) and the fifth factor was the response-side (left, right)

which were within-subjects factors, repeated across participants (see Table 2).

Table 2. Variables of the Dissertation

Measurement Level Variable Level

Parity judgment

Mumber judgment task
Magnitude comparizson

MNL compatibility of ~Compatible (small-left/large-right)

the WM load Incompatible (small-right/large-left)
Compatible first
Between (parity judgment: odd-left/ even-right;
magnitude comparison: small-left’ large-right)
SNARC order
Incompatible first
(parity judgment: odd-right/ even-lefi;
magnitude comparison: small-right/ large-left)
-g Prioritization Spatial position first
:‘% instruction in
E magnitude-space load MMagnitude category first
Baseline (no load)
Space load
WM load type
Magnitude load
o Magnitude-space load
Within
Small (1,2, 3, and 4)
Magnitude
Large (6,7, 8, and 9)
Left
Response side
Right
El #i-back task = 12 Target (6 small, 6 large numbers), 52 Non-target numbers
=]
g SNARC effect = unstandardized slope, dRT, magnitude (2: small (1, 2, 3, 4) and large (6,
a 7. 8. ) X response side (2: left and right)
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3.1.7. Procedure

Participants were first asked to complete the Participant Information Form
(Appendix A), Informed Consent Form (Appendix B), Demographic Information
Form, and the Edinburgh Handedness Inventory (Appendix C). Participants were
seated approximately 65 centimeters from the monitor in a sound-isolated, dimly lit
experimental chamber at the Neuroscience of Mind and Behavioral Research
Laboratory of Izmir University of Economics, maintaining this position throughout the
experiment. Participants were assigned to either parity judgment or magnitude

comparison task.

The experimental session began with practice trials for the baseline number
judgment task (no load), followed by the actual baseline task. After completing the
baseline SNARC task, participants were randomly assigned to one of two conditions:
half were assigned to the MNL compatible load condition and the other half to the
MNL incompatible load condition. The WM loads were then introduced, followed by

the number judgment task.

Once the practice trials were completed, the experimental blocks commenced.
For the first block, the presentation order of the WM load types was kept constant for
all participants, starting with the space load, followed by the magnitude load, and then
the magnitude-space load. To control for order effects, the sequence of WM load types
was randomized across participants for the second and third blocks (see Jaeggi et al.,

2008b for a similar procedure).

Prior to beginning the next experimental session, participants viewed an
instructional screen outlining the small (1-2-3-4) and large number categories (6-7-8-
9). Subsequently, they completed a practice session for the upcoming task, during
which each number was presented and evaluated once, with verbal feedback provided
by the researcher. If a participant expressed confusion or a lack of understanding
regarding the task, the researcher repeated the practice session until both parties

confirmed that the task instructions were clear and properly understood.

In the space load condition, participants were instructed to press the spacebar
with their thumb if the number appearing on the left- or right-side of the screen

matched the spatial position of the previously presented number (target).
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In the magnitude load condition, participants were required to press the
spacebar with their thumb if the number belonged to the same magnitude category

(small or large) as the preceding number (target).

In the magnitude-space load condition, participants were instructed to press the
spacebar with their thumb if the number matched both the spatial position and
magnitude category of the preceding number (target). To address potential task
prioritization in this condition, participants were given explicit instructions before the
magnitude-space load. Some participants were instructed to prioritize spatial position
first, then magnitude, while others were instructed to prioritize magnitude first, then
spatial position. No response was required for non-targets in any of the WM load
conditions. The number judgment tasks under WM loads followed the same procedure

asin Pilot Study 2.

Finally, participants’ WM capacity was assessed using the DSB task, which
concluded the experiment. For a visual representation of the study’s experimental flow
under the MNL compatible condition, see Figure 1, and under the MNL incompatible
condition, see Figure 2 (Note that in both figures only compatible SNARC trials were
presented in the SNARC tasks).

3.2. Data Pre-processing

For the number judgment tasks, practice trials were not analyzed. First, reaction
times (RTs) faster than 200 ms (accounting for less than 1% of all trials) and incorrect
responses were not included. Second, RTs that were above or below 2.5 SDs from each
participant’s mean RT were excluded. Overall, 87.94% of the data was valid and

analyzed further (see Table 3 for detailed information about percentages).

For the n-back tasks, RTs faster than 100 ms (accounting for less than 1% of
all trials) were not included (Gajewski et al., 2018, Verhaeghen and Basak, 2005).
Then, participants with RTs above or below three SDs from their mean within each n-
back task were identified as outliers resulting in the exclusion of one participant from
the analysis (Deng et al., 2017; Miller et al., 2007; Jaeggi et al., 2008b). In addition,

two participants with extreme RT values were removed from the analysis.
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Table 3. Detailed Percentages of Excluded Data in Number Judgment Tasks

Baseline (no load) Space load Magnitude load Magnitude-space load
Parity Magnitude Parity Magnitude Parity Magnitude Parity Magnitude
judgment comparison judgment comparison judgment comparison Jjudgment comparison
Incorrect 4.55% 2.57% 4.92% 4.34% 6.12% 7.24% 4.59% 3.25%
responses
RIs2.5 12.92% 11.09% 12.89% 11.93% 13.45% 14.02% 9.77% 10.44%

SDs

3.3. Data Analysis

To provide a comprehensive analysis of how magnitude-space-based
numerical WM loads impact the SNARC effect under different number judgment
tasks, the SNARC effect was analyzed using three approaches: 1) linear regression, 2)
difference reaction times analysis (dRTSs), and 3) interaction between magnitude and
response-side on RTs. (1) Linear regression analysis examines the nature of spatial-
numerical mappings, indicating whether participants exhibit a regular (left-to-right),
reverse (right-to-left)y SNARC effect, or whether the effect is strengthened, or
weakened under different WM load types. (2) dRTs focus on how numerical
magnitude affects reaction times across conditions, specifically how RT varies by
magnitude and response-side. A significant linear trend in dRTs indicates the presence
of either a regular (negative) or reverse (positive) SNARC. (3) Interaction between
magnitude and response-side on RTs assesses the presence of a regular or reverse
SNARC effect, supporting the long-term spatial representation of numbers. While RTs
reflect spatial-numerical associations (via regular and reverse SNARC effects), they
also show how different types of WM loads affect participants’ ability to process and

respond to numerical tasks.

The classical way of analyzing the SNARC is the linear regression approach
(Fias et al., 1996). For each participant and each number, dRT score was calculated by
subtracting the mean RTs of left-sided responses from the mean RTs of right-sided
responses. Each participant’s dRTs were then entered into a regression analysis with
magnitude as the predictor variable. Negative regression slopes indicate the SNARC
effect, with faster left-sided responses for small numbers and faster right-sided
responses for large numbers. The unstandardized SNARC slopes of each participant

across experimental conditions were used for further analysis. In addition to the
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SNARC effect, linguistic markedness of response codes (MARC) effect (Nuerk et al.,
2004) might occur specifically in the parity judgment task, characterized by faster left-
sided responses to odd numbers and faster right-sided responses to even numbers.
Therefore, the MARC effect was also analyzed for the parity judgment tasks. To
determine the presence of a significant SNARC (and MARC) effect at the group level,
unstandardized slopes were tested against 0 using a one-sample t test. To further
examine the differential effects of WM load type and MNL compatibility condition on
the SNARC effect across number judgment tasks, a mixed design ANOVA was
conducted on the unstandardized slopes (see van Dijck et al., 2009; Deng et al., 2017),
with number judgment task (parity judgment, magnitude comparison) and MNL
compatibility condition (compatible, incompatible) as between-subject variables and
WM load type (baseline, space load, magnitude load, and magnitude-space load) as a

within-subjects variable.

Although regression slopes reflect the linear relation between numbers and
dRT, the effect size cannot be determined in terms of proportion of individual variance
within RTs. Therefore, in addition to linear regression approach, a mixed design
ANOVA of dRT with magnitude (very small: 1 and 2, small: 3 and 4, large: 6 and 7,
very large: 8 and 9) as a within-subject factor was used to measure the SNARC, as
recommended by Pinhas, Tzelgov, and Ganor-Stern (2012). A significant main effect
of magnitude associated with a significant linear trend indicates the presence of the
SNARC effect.

As initially revealed by Dehaene et al. (1993) and utilized in several studies
that examine the role of WM in number-space association (Herrera et al., 2008; van
Dijck and Fias, 2011; Wang et al., 2018), the interaction between magnitude
(small/large) and response-side (left/right) on average RTs was also explored. A
significant interaction effect, identified through mixed design ANOVA, was accepted
as an indicator of the SNARC effect (van Dijck and Fias, 2011). Additionally, the
potential interactions between magnitude, response-side, and WM load type, as well
as between magnitude, response-side, and MNL compatibility of the load, were
examined to determine whether the SNARC effect was moderated by either the WM
load type, the MNL compatibility condition, or both. Therefore, a mixed design
ANOVA was conducted on the RTs in number judgment tasks (see van Dijck et al.,

2009; Deng et al., 2017), with number judgment task (parity judgment, magnitude
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comparison) and MNL compatibility condition (compatible, incompatible) as
between-subject variables and WM load type (baseline, space load, magnitude load,
and magnitude-space load), magnitude (small, large) and response-side (left, right) as

within-subjects variables.

To ensure that WM load types generated cognitive load in participants and to
examine their differential effects as WM loads, a mixed design ANOVA was
conducted on the mean accuracy percentages and RTs of the n-back tasks. The analysis
included number judgment task (parity judgment, magnitude comparison) and MNL
compatibility condition (compatible, incompatible) as between-subject variables, and
WM load type (space load, magnitude load, and magnitude-space load) as a within-

subject variable.

Lastly, the WM capacity of participants, as measured by the DSB task, was
compared across those assigned to different number judgment tasks using a one-way
ANOVA to determine whether participants differed in their WM capacities.
Additionally, because in the literature the relationship between WM capacity and
different outcome variables of the SNARC effect (slope, size, and RTs) remains
inconclusive, a correlational analysis was conducted. This analysis examined the
relationship between WM capacity and unstandardized slopes and RTs in baseline and

WM load conditions, as well as for each number judgment task.
3.4. Results

The results section begins by presenting findings on how MNL compatibility
conditions and WM load types influence the SNARC effect through linear regression,
dRT analyses, and ANOVAs on reaction time measures in number judgment tasks,
focusing on interactions involving magnitude and response-side. Next, ANOVA
results are reported, examining the impact of MNL compatibility conditions and WM
load types on accuracy and reaction times in the n-back task. Finally, an ANOVA
investigating whether participants’ WM capacities differed is presented, along with
correlational analyses exploring the relationship between WM capacity and SNARC

outcomes.
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3.4.1. The SNARC Effect (The Number Judgment Tasks: Parity Judgment and

Magnitude Comparison)

3.4.1.1. T-test Analysis Results on SNARC Slopes Obtained from the Number
Judgment Tasks

For both the parity judgment (including MARC slopes, specific to this task)
and the magnitude comparison, one-sample t-tests revealed that unstandardized
SNARC slopes did not significantly deviate from zero under any of the loads: baseline
(no load), space load, magnitude load, or magnitude-space loads (see Tables 4 and 5,
respectively). The non-significant finding of the MARC effect indicates that the parity

status of numbers did not interfere with magnitude judgments.
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Table 4. SNARC and MARC Effects in the Parity Judgment across WM Load Types

Slope M SD t (45) p
Unstandardized SNARC baseline
2.03 10.35 1.33 19
(no load)
Unstandardized SNARC space load -1.26 19.49 -44 .66
Unstandardized SNARC magnitude
-4.82 23.24 -1.41 17
load
Unstandardized SNARC magnitude-
1.57 21.99 49 .63
space load
Unstandardized MARC baseline
441 73.60 40 .69
(no load)
Unstandardized MARC space load -48.23 232.83 -141 17
Unstandardized MARC magnitude
15.70 304.36 .35 73
load
Unstandardized MARC magnitude-
-58.95  268.64 -1.49 14

space load
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Table 5. SNARC Effects in the Magnitude Comparison Task across WM Load Types

Slope M SD t (53) p

Unstandardized
SNARC bhaseline -.15 12.93 -.09 .93
(no load)

Unstandardized

4.75 47.02 74 46
SNARC space load
Unstandardized
SNARC magnitude 13.19 55.25 1.76 .09
load
Unstandardized
SNARC magnitude- 9.66 51.38 1.38 A7

space load

3.4.1.2. ANOVA Results on SNARC Slopes in Number Judgment Tasks

To further investigate the differential effects of WM load type and MNL
compatibility on the SNARC effect, a 2(humber judgment task: parity judgment,
magnitude comparison) X 2(MNL compatibility: compatible, incompatible) X 4(WM
load type: baseline, space load, magnitude load, and magnitude-space load) mixed

desigh ANOVA was conducted on unstandardized slopes.

The main effect of MNL compatibility was statistically significant, F(19) =
12.16, p < .05, np? = .11. Bonferroni corrected pairwise comparisons indicated that
participants assigned to the MNL compatible condition showed a regular SNARC
effect (a decreasing linear trend as a function of magnitude) compared to those in the
incompatible condition who showed a reverse SNARC effect (an increasing linear

trend as a function of magnitude (MD = -17.77, p <.05) (see Figure 3).
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Figure 3. A Regular SNARC Effect in MNL Compatible Condition and a Reverse
SNARC Effect in MNL Incompatible. Error Bars Represent 95% Cls, Adjusted for

Repeated Measures

The interaction between MNL compatibility and WM load was statistically
significant, F2ss = 7.84, p < .05, np? = .08. Bonferroni corrected simple effect
analysis showed that unstandardized slopes differed significantly among WM load
types in the MNL incompatible condition, F( s = 4.47, p < .05, ny? = .13. Compared
to baseline, participants who took MNL incompatible load showed a reverse SNARC
effect in magnitude load (MD = -20.00, SE = 5.72) and magnitude-space load (MD =
-16.46, SE = 5.40) (see Figure 4).
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Figure 4. Reverse SNARC Effects in the MNL Incompatible Condition Under
Magnitude Load and Magnitude-Space Load Compared to Baseline (no load). Error

Bars Represent 95% Cls, Adjusted for Repeated Measures

A significant interaction between WM load type and number judgment task
was also observed, F2s8) = 2.63, p < .05, ny? = .03. Bonferroni corrected simple effect
analysis revealed that unstandardized slopes significantly differed between the parity
judgment and magnitude comparison tasks under the magnitude load, F 96 = 4.91, p
< .05, np? = .05. Specifically, a stronger regular SNARC effect was observed in the
parity judgment task compared to magnitude comparison (MD = -18.02, SE = 8.13)

under the magnitude load.

Moreover, a significant three-way interaction of WM load type, MNL
compatibility, and the number judgment task was observed, F 288 = 2.80, p <.05, np?
=.03. Bonferroni corrected simple effect analysis revealed that unstandardized slopes
differed significantly between WM load types for the magnitude comparison task
under the MNL incompatible condition, Fes) = 8.79, p < .05, np? = .22. Compared to
baseline, a diminished SNARC effect was observed under the space load (MD = -
22.65, SE = 6.76), magnitude load (MD = -38.32, SE = 7.76), and magnitude-space
load (MD = -31.33, SE = 7.32) for the participants who took MNL incompatible
condition in the magnitude comparison task, indicating reverse SNARC effects (see
Figure 5) Other main effects and interactions did not reach statistical significance (Fs
<2.63, ps>.05).
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Figure 5. Reverse SNARC Effects in the MNL Incompatible Condition Under Space
Load, Magnitude Load, and Magnitude-Space Load Compared to Baseline (no load)
in Magnitude Comparison. Error Bars Represent 95% Cls, Adjusted for Repeated

Measures

3.4.1.3. ANOVA Results on Difference Reaction Time (dRT) Measures in Number
Judgment Tasks

A 2(number judgment task: parity judgment, magnitude comparison X 2(MNL
compatibility of the load: compatible, incompatible) X 2(magnitude: very small = 1
and 2, small = 3 and 4, large = 6 and 7, very large = 8 and 9) X 4(WM load type:
baseline, space load, magnitude load, and magnitude-space load) mixed design

ANOVA was conducted on dRT measures.

A statistically significant interaction between MNL compatibility and
magnitude was found, F2ss5 = 9.70, p < .05, ny? = .09, associated with a significant
linear trend, F1,05) = 13.38, p < .05, np? = .12, meaning that the SNARC effect differed
between MNL compatible and incompatible conditions. Bonferroni corrected simple
effect analysis revealed a significant reverse SNARC in MNL incompatible condition,
F93 =4.29, p <.05, np? = .12. The significant linear trend as a function of magnitude

can be seen in Figure 3.

The interaction between MNL compatibility, WM load, and magnitude was
found statistically significant, Fosss) = 4.29, p < .05, ny? = .04, associated with a
significant linear trend, Fq 95 = 11.72, p < .05, no? = . 11. Bonferroni corrected simple
effect analysis indicated a significant reverse SNARC effect for MNL incompatible
condition under magnitude load, Fz9s3) = 3.85, p < .05, np? = .11, and magnitude-space
load, Fzos3) = 4.71, p < .05, np? = .13. Figure 4 illustrates the significant linear trend

as a function of magnitude.

The interaction between MNL compatibility, WM load, the number judgment
task, and magnitude was found statistically significant, Fgssy = 1.91, p = .047, np? =
.02, associated with a significant linear trend, Fugs) = 5.74, p < .05, np? = . 06.
Bonferroni corrected simple effect analysis revealed a significant reverse SNARC
effect in magnitude comparison task for MNL incompatible condition under space
load, F@e3)=2.63, p = .05, np? = .08, magnitude load, F g3 = 5.36, p < .05, np? = .15,
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and magnitude-space load, Fg3) = 4540, p < .05, np? = .15. A significant linear trend

as a function of magnitude is displayed in Figure 5.

Lastly, significant interactions were found between MNL compatibility, the
number judgment task, and magnitude, F 285 = 3.05, p < .05, np? = .03, as well as
WM load, the number judgment task, and magnitude were found statistically
significant, Fgss) = 1.92, p < .05, np® = .02. However, the trend analyses for these

interactions did not reach statistical significance.
3.4.1.4. ANOVA Results on Reaction Time Measures in Number Judgment Tasks

A 2(number judgment task: parity judgment, magnitude comparison X 2(MNL
compatibility of the load: compatible, incompatible X 4(WM load type: baseline, space
load, magnitude load, and magnitude-space load) X 2(magnitude: small, large) X
2(response-side: left, right) mixed design ANOVA was conducted on RTs in number

judgment tasks.

The main effect of WM load type was statistically significant, F 2ss) = 310.85,

p < .05, np? = .77. Bonferroni corrected pairwise comparisons indicated that

participants responded significantly faster under space load (MD = -365.77, p < .05),

magnitude load (MD = -492.10, p < .05), and magnitude-space load (MD = -441.61, p
< .05) compared to the baseline (Figure 6).
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Figure 6. Mean RTs as a Function of WM Load Type. Error Bars Represent 95% Cls,
Adjusted for Repeated Measures

The main effect of magnitude was statistically significant, F o5 = 10.33, p <
.05, np? = .10. Bonferroni corrected pairwise comparisons revealed that participants
responded significantly faster to small numbers than to large ones (MD = -11.23, p <
.05). The main effect of response-side was also found significant, F,95) = 24.21, p <
.05, np? = .20, with Bonferroni corrected pairwise comparisons indicating that right-
sided responses were faster than left-sided ones (MD = -18.53, p < .05). Lastly, the
main effect of the number judgment task was significant, F95) = 5.52, p < .05, n® =
.06. Bonferroni corrected pairwise comparisons indicating that participants who took
magnitude comparison task responded significantly faster than those who performed
parity judgment (MD = -87.24, p < .05).

In terms of interaction effects, the interaction between the number judgment
task and magnitude was statistically significant, F105 = 10.79, p < .05, ny? = .10.
Bonferroni corrected simple effect analysis indicated that the RTs significantly
differed between small and large numbers for the parity judgment task, F(1,9s5) = 10.79,
p < .05, np? = .10. Participants who performed parity judgment responded to small
numbers faster than to large ones (MD = -22.71, SE = 5.11). Also, the interaction of
WM load type and response-side was statistically significant, F g5 = 2.90, p < .05,
ne?> = .03. Bonferroni corrected simple effect analysis indicated that the RTs
significantly differed between left-sided and right-sided responses across all WM load
types: baseline, F 95 = 5.69, p < .05, np? = .06; space, F,95 = 15.64, p < .05, np? =
.14; magnitude, Fu9s) = 7.67, p < .05, np? = .08; and magnitude-space loads, Fgs) =
16.60, p <.05,np? =.15. Inall WM load types, right-sided responses were significantly
faster than left-sided responses, (baseline: MD = -5.95, SE = 2.49; space load: MD = -
20.57, SE = 5.20; magnitude load: MD = -21.70, SE = 7.83; magnitude-space load:
MD = -25.91, SE = 6.36).

A significant three-way interaction of MNL compatibility, WM load type, and
magnitude was observed, F2ss) = 3.25, p < .05, np? = .03. Bonferroni corrected simple
effect analysis showed that RTs significantly differed between small and large
numbers under the magnitude load for MNL compatible condition, F,95 = 7.89, p <

.05, ny? = .08. Participants in the MNL compatible load condition responded
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significantly faster to small numbers than to large ones when the WM load type was
magnitude (MD = -27.86, SE = 9.92). Furthermore, for MNL incompatible loads,
Bonferroni corrected simple effect analysis indicated that RTs significantly differed
between small and large numbers under magnitude-space load, F,95) = 6.98, p < .05,
np? = .07. Participants in MNL incompatible condition responded more rapidly to small
numbers than to large ones when the WM load was magnitude-space (MD = -22.97,
SE = 8.70).

One of the most important three-way interactions —-MNL compatibility,
magnitude, and response-side— was found statistically significant, F95 = 10.96, p <
.05, ny? = .10. Bonferroni corrected simple effect analysis revealed that RTs differed
between small and large numbers under the MNL compatible load for left-sided
responses, F(,05 = 8.47, p < .05, np? = .08, but not for right-sided responses, F.95) =
.07, p > .05. Participants in the MNL compatible condition responded significantly
faster to small numbers than to large ones with left-sided responses (MD = -32.53, SE
= 11.18), indicating a regular SNARC effect (see the left-side of Figure 7).
Additionally, Bonferroni corrected simple effect analysis indicated that RTs differed
between small and large numbers in the MNL incompatible condition for both left-
sided responses, F 95 = 4.48, p < .05, ny? = .05, and right-sided responses, F.95 =
10.61, p < .05, np? = .10. Participants in the MNL incompatible condition responded
significantly faster to large numbers than to small ones with left-sided responses (MD
= -23.45, SE = 11.08), and to small numbers than to large ones with right-sided
responses (MD = -39.00, SE = 11.97). Showing the reverse SNARC effect (see the
right-side of Figure 7).
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Furthermore, the four-way interaction between MNL compatibility, WM load
type, magnitude, and response-side was found statistically significant, F2g5) = 7.09,
p < .05, ny? = .07. Bonferroni corrected simple effect analysis revealed that RTs
significantly differed between small and large numbers for left-sided responses in the
MNL compatible condition under the space load, Fugs) = 5.51, p < .05, ny? = .06,
magnitude load, Fq 95 = 7.06, p < .05, ny? = .07, and magnitude-space load, Fq gs) =
4.76, p < .05, np? = .05. Participants who took MNL compatible condition under space
load (MD = -47.25, SE = 17.42), magnitude, and magnitude-space load (MD = -46.25,
SE = 18.49 gave faster left-sided responses to small numbers than to large ones,
implying a regular SNARC effect (see Figure 8, the left-side of Panels B, C, and D,
respectively). Conversely, Bonferroni corrected simple effect analysis showed that
RTs significantly differed between small and large numbers for right-sided responses
in the MNL incompatible condition under space load, F 95 = 6.09, p < .05, np? = .06,
magnitude load, F,95 = 6.14, p < .05, ny? = .06, and magnitude-space load, F,95 =
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11.61, p <.05,np? = .11. RTsalso differed for left-sided responses between small and
large numbers in the MNL incompatible condition under magnitude load, F,05=9.71,
p < .05, np? = .09. Participants in the MNL incompatible condition under space load
(MD = -42.55, SE = 17.25), magnitude load (MD = -49.32, SE = 19.90), and
magnitude-space load (MD = -63.12, SE = 18.53) gave faster right-sided responses to
small numbers than to large numbers (see Figure 8, the right-side of Panels B, C, and
D, respectively). Additionally, faster left-sided responses to large numbers than to
small numbers under magnitude load (MD = -61.36, SE = 19.69) revealed the reverse
SNARC effect (see Figure 8, the right-side of Panel C).
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Lastly, the five-way interaction between MNL compatibility, WM load type,
number judgment task, magnitude and response-side was found statistically
significant, F32s5) = 3.08, p < .05, n,> = .03. Bonferroni corrected simple effect
analysis revealed that RTs significantly differed between small and large numbers for
left-sided responses in the MNL compatible condition under space load, F195)=4.78,
p < .05, np? = .05, and magnitude load, F19s5) = 6.35, p < .05, np?> = .06, for the parity
judgment task. Participants who performed parity judgment and took MNL compatible
condition under space load (MD = -53.62, SE = 24.52) and magnitude load (MD = -
72.93, SE = 28.94) gave faster left-sided responses to small numbers than to large
numbers (see Figure 9, the left-side of Panel C and E, respectively). On the contrary,
Bonferroni corrected simple effect analysis revealed that RTs significantly differed
between small and large numbers for left-sided responses in the MNL incompatible
condition under space load, F{19s) = 7.83, p < .05, np> = .08, magnitude load, F(19s) =
14.62, p < .05, np> = .13, and magnitude-space load, F(1,95) = 8.24, p < .05, np> = .08,
for the magnitude comparison task. Participants who performed magnitude
comparison task and took MNL incompatible condition under space load (MD = -
63.31, SE =22.63), magnitude load (MD = -102.13, SE=26.71), and magnitude-space
load (MD = -64.39, SE = 22.42) gave more rapid left-sided responses to large numbers
than to small ones (see Figure 9, the right-side of Panel D, F, and H, respectively).
Additionally, participants who took magnitude comparison task gave more rapid right-
sided responses to small numbers than large ones under space load as revealed by
Bonferroni corrected simple effect analysis, F(1.9s)=4.59, p <.05, n,*> = .05, magnitude
load, F9s)=9.95, p <.05, > = .10, and magnitude-space load, F(19s)= 11.93, p <
.05, np? = .11. Participants who performed magnitude comparison task and took MNL
incompatible condition under space load (MD = -50.10, SE = 23.40), magnitude load
(MD = -85.16, SE =27.00), and magnitude-space load (MD = -86.81, SE =25.14) gave
more rapid right-sided responses to small numbers than to large ones (see Figure 9, the

right-side of Panel D, F, and H, respectively).

To review the overall findings of this dissertation in relation to the hypotheses

across the three outcome variables, see Table 6.
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Table 6. Overall Findings in Relation to the Hypotheses across Slope, dRT, and the Interaction of Magnitude and Response-side

Slope dRT Magnitude X Response-side
Hypolthesns WM load type (ns) WM load type X Magnitude (us) WM load type X l\fla%:;;ude X Response-side
MNL Compatibility X Magnitude X Response-
side
MNL Compatibility MNL Compatibility X Magnitude ~ MNL compatible condition: Faster left-sided
. . o L responses to small numbers than large ones
Hypo:hems MNL compatible slopes are more  Significant negative linear trend for (regular SNARC)

ya

negative than MNL incompatibles
(regular SNARC)

MNL incompatible condition (reverse
SNARC)

MNL incompatible condition: Faster left-sided
responses to large numbers than small ones and
faster right-sided responses to small numbers than
large ones (reverse SNARC)

Hypothesis
3

WM load type X MNL
Compatibility

MNL incompatible slopes under
magnitude and magnitude-space
loads are more positive than
baseline (reverse SNARC)

WM load type X MNL Compatibility
X Magnitude

Significant negative linear trend for
MNL incompatible condition under
magnitude and magnitude-space loads
(reverse SNARC)

WM load type X MNL Compatibility X
Magnitude X Response-side

MNL compatible under all WM load types: Faster
left-sided responses to small numbers than large
ones (regular SNARC)

MNL incompatible under all WM load types:
Faster right-sided responses to small numbers than
large ones and faster left-sided responses to large
numbers than small ones for magnitude load
(reverse SNARC)

Hypothesis
4

WM load type X MNL
Compatibility X Number
judgement task

MNL incompatible slopes for
magnitude comparison under all
WM loads are more positive than
baseline (reverse SNARC)

WM load type X MNL Compatibility
X Number judgement task X
Magnitude

Significant negative linear trend for
MNL incompatible condition for
magnitude comparison under
magnitude and magnitude-space loads
(reverse SNARC)

WM load type X MNL Compatibility X
Number judgement task X Magnitude X
Response-side

MNL compatible for parity judgment under space
and magnitude loads: Faster left-sided responses
to small numbers than large ones (regular SNARC)

MNL incompatible for magnitude comparison
under all WM load types: Faster left-sided
responses to large numbers than small ones and
faster right-sided responses to small numbers than
large ones (reverse SNARC)

Note. ns denotes not significant



3.4.2. Control Analyses: Validation of Working Memory Loads with n-back Task

Performance and Assessment of WM Capacity

This section presents the results of ANOVASs conducted to examine the effects
of MNL compatibility conditions and WM load types on accuracy and RTs in the n-
back task, ensuring that WM load types generated cognitive load in participants and
assessing their differential effects as WM loads. Additionally, ANOVA and
correlational analyses are included to explore the relationship between WM capacity
and SNARC outcomes, providing insights into the role of individual variability in

shaping number-space associations under different cognitive demands.
3.4.2.1. Working Memory Loads (The n-back Task)

3.4.2.1.1. ANOVA Results on Accuracy for the n-back Task

To investigate the effects of WM load type and MNL compatibility on the n-
back task, a 2(number judgment task: parity judgment, magnitude comparison) X
2(MNL compatibility: compatible, incompatible) X 3(WM load type: space load,
magnitude load, and magnitude-space load) mixed design ANOVA was conducted on

the mean accuracy percentages and RTs of n-back task.

The n-back task showed a significant main effect of WM load type on mean
percentage of accuracy measures, Fpi92) =17.16, p < .05, np? = .15. Bonferroni
corrected pairwise comparisons indicated that participants significantly gave more
accurate responses under the space load (MD = 7.85, p < .05) and magnitude-space
load (MD = 5.07, p < .05) compared to magnitude load. However, accuracy did not
significantly differ between space and magnitude-space loads (MD = 2.78, p > .05)
(Figure 10). Other main effects and interactions did not reach statistical significance
(Fs < 1.46, ps>.23).

Given the simultaneous processing demands of spatial position and magnitude
category in the magnitude-space load, participants might prioritize one task over the
other. To control this, participants were divided into two groups: one group was
instructed to prioritize spatial position, while the other prioritized magnitude. A mixed
design ANOVA was conducted on mean accuracy percentages and RTs, with number
judgment task (parity judgment, magnitude comparison), MNL compatibility
(compatible, incompatible), and prioritization instruction (prioritize space, prioritize

magnitude) as between-subject variables, and WM load type as a within-subjects
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variable (space load, magnitude load, and magnitude-space load). The analysis
revealed that neither the main effect of prioritization instruction nor any interactions
involving prioritization instruction were found statistically significant (for accuracy:
Fs<1.79, ps> .17 and for RTs: Fs < 3.08, ps > .08).

3.4.2.1.2. ANOVA Results on Reaction Time Measures for the n-back Task

A significant main effect of WM load type was found on RTs, F 192 = 52.73,
p <.05, ny? = .36. Bonferroni corrected pairwise comparisons showed that participants
significantly gave faster responses to space (MD = -154.26, p < .05) and magnitude-
space (MD = -82.79, p < .05) compared to the magnitude load. Also, participants were
quicker in responding to the space load than to the magnitude-space load (MD = -
71.47, p < .05). No other main effects or interactions reached statistical significance
(Fs < 1.52, ps>.22) (Figure 10).
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Figure 10. Mean Percentage of Accuracy (Bar Graph) and RTs (Line Graph) for Space,
Magnitude, And Magnitude-Space Loads in the n-back Task. Error Bars Represent
95% Cls, Adjusted for Repeated Measures
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3.4.2.2. Working Memory Capacity (The Digit Span Backward Task)
3.4.2.2.1. ANOVA Results on Working Memory Capacity

A one-way ANOVA results showed that the WM capacity of participants did
not differ between those who performed the parity judgment and magnitude

comparison tasks, F g9 = .16, p < .05.

3.4.2.2.2. Correlational Analyses Results on Working Memory Capacity

Separate correlation analyses for parity judgment and magnitude comparison
tasks were conducted between DSB task performance and unstandardized slopes and
RTs across the baseline (no load) and WM loads. For the parity judgment task,
significant negative correlations were found between DSB task performance and space
load (r = -.36, p < .05), magnitude load (r = -.34, p < .05), and magnitude-space load
(r = -31, p < .05) For the magnitude comparison task, negative correlations were
observed between DSB task performance and space load (r = -.28, p < .05) and

magnitude load (r = -.33, p <.05).

These findings indicate that WM capacity was significantly associated
with RTs for space, magnitude, and magnitude-space loads in both tasks. However,
no significant relationships were found between WM capacity and either SNARC
slopes or baseline SNARC RT, indicating that WM capacity was primarily associated
with SNARC RTs only under WM loads. For correlation findings with the parity

judgment task, see Table 7, and for the magnitude comparison task, see Table 8.
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Table 7. Means, Standard Deviations, and Pearson’s Correlation Coefficients for the DSB Task, Unstandardized SNARC Slopes, and Mean RTs

across No Load and WM Load Types in the Parity Judgment Task

Variable n M SD 1 2 3 4 5 6 7 8
1. DSB task (WM
. 46 7.48 1.77 —
capacity)
2. Unstandardized
SNARC baseline (no 46 2.03 10.35 -.050 —
load)
3. Unstandardized 46 1.96 19.49 172 315*
SNARC space load e ' o ) T
4. Unstandardized
SNARC magnitude 46 -4.82 23.24 103 .012 209 —
load
5. Unstandardized
SNARC magnitude- 46 1.57 21.99 .033 .008 {088 159 —
space load
6. Mean RT SNARC i
. 46 574.05 77.06 -.173 -.048 -.160 -.025 -.126 —
baseline (no load)
7. Mean RT SNARC
46 950.68 263.94 -.359° .145 =111 -.237 037 .634™ —
under space load
8. Mean RT SNARC
. 46 1089.26 296.98  -.340° 119 -.202 - 111 .020 668"  .866™ —
under magnitude load
9. Mean RT SNARC
under magnitude- 46 1038.85 317.29 -.307° 204 -.122 -.163 -.005 723 .920™ 938"

space load

*p <.05. "p <.01.
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Table 8. Means, Standard Deviations, and Pearson’s Correlation Coefficients for the DSB Task, Unstandardized SNARC Slopes, and Mean RTs

across No Load and WM Load Types in the Magnitude Comparison Task

Variable n M SD 1 2 3 4 5 6 7 8
1. DSB task (WM _
. 54 7.65 2.35 —
capacity)
2. Unstandardized
SNARC baseline (no 54 15 1203 148 _
load)
3. Unstandardized 54 475 4701 063 .07l
SNARC space load ' ' ’ ’ o
4. Unstandardized
SNARC magnitude 54 13.19 55.25 079 {083 .6907* —
load
5. Unstandardized
SNARC magnitude- 54 9.66 51.38 .062 158 7337 740%™ —
space load
6. Mean RT SNARC
. 54 519.91 74.86 -.118 125 057 .002 118 —
baseline (no load)
7. Mean RT SNARC _
54 877.83 178.24  -278 389" -.044 .073 .106 395" —
under space load
8. Mean RT SNARC
. 54 991.78 188.43 -.325° 409" -.101 061 067 339” T74% —
under magnitude load
9. Mean RT SNARC
under magnitude- 54 941.13  211.35 -.174 361 -.084 .091 .146 362 819 .810™

space load

*p <.05. "p <.01.



3.5. Discussion

This dissertation investigates how different types of magnitude-space-based
numerical WM loads affect the SNARC effect across various number judgment tasks.
Previous research has explored the SNARC effect’s flexibility by adjusting MNL
compatibility within diverse task contexts, such as response mappings, spatial layouts,
and memory tasks. Studies have also examined the flexibility of the SNARC effect in
the context of WM by imposing WM loads through tasks that incorporate visuo-spatial
and verbal components to observe cognitive load effects on spatial-numerical
associations. However, no prior work has treated MNL compatibility itself as a
cognitive load with different types of magnitude-space-based WM loads, which could

connect MNL and WM accounts on humber-space associations.

Before testing the main hypotheses of the dissertation, the presence of the
SNARC effect without WM load (baseline) and under space, magnitude, and
magnitude-space load conditions was examined for both parity judgment and
magnitude comparison tasks. Recent research with Turkish participants, who have left-
to-right reading and writing habits, reported the absence of a regular SNARC effect in
both parity judgment (Bulut et al., 2023) and magnitude comparison tasks (Hepdarcan
et al., under review). Our findings on baseline number judgment tasks supported these
studies across all measures, including slope, dRT, and the interaction of magnitude
and response-side. The SNARC effect, whether explicitly (magnitude comparison) or
implicitly measured (parity judgment), did not manifest under baseline conditions.
One plausible explanation for this absence of the SNARC effect in our sample is that
spatial-numerical associations may require explicit task demands or WM engagement

to be activated.
3.5.1. The Influence of Working Memory Load Types on Number Judgments

It was proposed that magnitude-space-based WM loads would influence the
emergence of the SNARC effect. Space load and magnitude load types were
anticipated to produce a regular SNARC effect, as these loads were not expected to
impose heavy cognitive demands on WM, thereby minimizing interference with
number judgments. In contrast, the magnitude-space load condition was expected to
enhance the emergence of a regular SNARC effect due to the close relationship
between magnitude and space (ATOM, Walsh, 2003).
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Although no significant effect of WM load type on the SNARC effect was
detected, a significant main effect of WM load type on reaction time provided valuable
insights. Participants responded slower under space, magnitude-space, and magnitude
loads compared to the no load condition. Similar patterns were observed for the n-back
measures, where participants responded slower and less accurately in the magnitude
load compared to space and magnitude-space loads, confirming the effective
manipulation of WM loads. As the space load is cognitively less demanding,
participants responded faster and more accurately under this condition. Despite the
additional cognitive load in the magnitude-space condition, participants found it less
challenging than the magnitude load. This may be because simultaneous processing of
magnitude and spatial information activates spatial representations of numbers,

aligning with the close relationship between magnitude and space.

Prior studies have demonstrated that the SNARC effect is influenced by
various WM load types (Herrera et al., 2008; van Dijck and Fias, 2009; Deng et al.,
2017), yet the current finding of no significant effect of WM load type on the SNARC
effect may seem inconsistent with this literature. However, it is important to note that
this study employed magnitude-space-based WM loads, which differ from the load
types used in previous research, warranting cautious interpretation. Herrera et al.
(2008) reported that the SNARC effect in the magnitude comparison task disappeared
under visuo-spatial load. Similarly, van Dijck and Fias (2009) found that the SNARC
effect was abolished in magnitude comparison under visuo-spatial load but persisted
under verbal load, while the opposite was observed for parity judgment. Deng et al.
(2017) highlighted the sensitivity of parity judgment to WM load type, with the
SNARC effect vanishing under both verbal and visuo-spatial loads, pointing out the
need for available WM resources. Conversely, in magnitude comparison, the SNARC
effect diminished under increased verbal load but strengthened with visuo-spatial load,
suggesting that visuo-spatial resources are less critical for magnitude comparison task.
These findings indicate the importance of WM resources in the emergence of the
SNARC effect. While this study did not detect a significant effect of WM load type on
number-space associations, the results may reflect the distinct cognitive demands
imposed by magnitude-space-based WM loads, emphasizing the role of WM resource
availability. Cognitive demands imposed by magnitude-space-based WM loads were

found to influence task performance, even though no significant main effect of WM
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load type on the SNARC effect was observed across outcome variables. Specifically,
the SNARC effect (unstandardized slopes) was more pronounced in parity judgment
under magnitude load, suggesting that magnitude load enhances the emergence of the
SNARC effect in this task. Under the magnitude load, participants were required to
hold the magnitude information of numbers in their minds and respond accordingly,
explicitly processing this information as part of the task. After viewing a number,
participants may have verbalized it, represented its magnitude as small or large, and
categorized it based on this magnitude. As such, the magnitude load condition relies
on verbal WM resources. Under this load, stronger regular SNARC effect was
observed in parity judgment than magnitude comparison. The presence of a regular
SNARC effect in parity judgment under magnitude load may be attributed to the
explicit activation of magnitude information in magnitude load, which could trigger
associations between numbers and space, even in an implicit task. Since no SNARC
effect was observed in baseline number judgment tasks (without WM load), prior
activation through a WM task might facilitate these associations. Interestingly, this
pattern was not observed in magnitude comparison. A plausible explanation might be
that magnitude comparison inherently involves directly processing and categorizing
numbers based on their magnitudes, which closely aligns with the demands of the
magnitude load. As participants found this condition the most challenging, additional
cognitive demands likely overloaded WM, thereby interfering with the emergence of
a regular SNARC effect in magnitude comparison. This finding highlights the distinct
interactions between WM load types and their specific processing demands in number -

space associations.

Nevertheless, the absence of the expected SNARC effect under space and
magnitude-space loads warrants discussion. One possible explanation for the lack of a
SNARC effect under the space load is that participants were only required to retain the
spatial positions of numbers in their minds. This task primarily engaged visuo-spatial
resources and activated spatial representations alone, which may not have been
sufficient to trigger the association between numbers and space due to the task’s
requirements. For the magnitude-space load, while the close relationship between
magnitude and space might have made this load less cognitively demanding, the
simultaneous processing of both magnitude and spatial information may have

transformed the task into a distinct WM process. Participants may have tried to solve
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the task in a way that minimized interference with the number judgment tasks.
Consequently, it might not have functioned effectively as a WM load, thereby failing
to influence number-space associations. Consequently, the load may have failed to

influence number-space associations.
3.5.2. The Critical Involvement of MNL Compatibility on Number Judgments

As hypothesized, MNL compatibility significantly modulated the SNARC
effect. MNL compatible conditions elicited a regular SNARC effect, while
incompatible ones consistently resulted in a reverse SNARC effect across all outcome
measures (slope, dRT, the interaction of magnitude and response-side). In MNL
compatible conditions, numbers aligned with their left-to-right oriented spatial
associations (small-left, large-right), activating long-term spatial representations along
the MNL. However, in MNL incompatible conditions, the spatial presentation
conflicted with the MNL (small-right, large-left), creating interference between task-
related spatial representations and numerical processing. This finding is significant as
it demonstrates that spatial-numerical associations, even in a sample where no SNARC
effect was observed, can be dynamically shaped by task context. These results suggest
that altering cognitive demands through compatible or incompatible representations of
numbers with LTM influences WM functioning. Consequently, this modulation
facilitates a regular or reverse SNARC effect. These findings align with previous
research demonstrating that task demands and representations compatible with the
MNL strengthen spatial-numerical associations, while incompatible representations
reverse them (Fischer et al., 2010; Bé&chtold et al., 1998). Moreover, this finding
highlights that spatial-numerical associations can be shaped based on MNL

compatibility within WM.

The significant effects of MNL compatibility across WM load types further
emphasize the dynamic interplay between long-term (MNL) and task-specific (WM
load) explanations of the SNARC effect. A regular SNARC effect was observed in the
MNL compatible condition, while a reverse SNARC effect emerged in the MNL
incompatible condition under all WM loads (except for the space load in slope and
dRT measures). Although nuanced differences were observed in study outcomes (with
the slope for space load approaching significance, p = .058), the overall findings

suggest that WM load types influence space-number relations when compatible or
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incompatible representations of numbers in LTM are considered. When participants
engaged in magnitude-space-based loads, even different WM resources (verbal, visuo-
spatial, or both) are needed, MNL compatibility activated the spatial representations
of numbers, resulting in regular or reverse SNARC effects. These findings align with
Oberauer’s WM model, suggesting that activated long-term representations influence
number judgments. They also highlight the dynamic interaction between MNL and
WM accounts, showing that for a regular SNARC effect to emerge, magnitude-space-
based WM loads must jointly activate long-term representations during task execution.
While WM load types successfully imposed cognitive demands, their interaction with
MNL compatibility was critical in activating spatial-numerical associations, ultimately
producing regular or reverse SNARC effects. These results underscore the critical role

of MNL compatibility in eliciting regular or reverse SNARC effects.

3.5.3. MNL Compatibility as a Key Factor in Shaping the Effects of WM Loads on

Number Judgments

One of the most notable findings of this dissertation is how MNL compatibility
interacts with both WM load types and number judgment tasks, leading to differential
effects on spatial-numerical associations. A regular SNARC effect was observed in
parity judgment for MNL compatible condition under space and magnitude loads. In
contrast, a reverse SNARC effect emerged in magnitude comparison for MNL
incompatible condition across all WM load types and outcome variables. These results
suggest that MNL compatibility modulates magnitude-space-based loads, leading to
distinct outcomes in parity judgment and magnitude comparison. This finding aligns
with Deng et al. (2017) and van Dijck and Fias (2009), who reported differences in
how these tasks interact with WM load types. The most closely related result, however,
is by Lindemann et al. (2008), who found a regular SNARC effect in parity judgment
for ascending (MNL compatible) and disordered sequences but no effect or reverse
SNARC for descending (MNL incompatible) sequences. They suggested that the
MNL’s left-to-right orientation is flexible and can be adjusted or suppressed depending
on task demands. Specifically, they attributed the absence of a reverse SNARC in
MNL incompatible sequences to the higher cognitive demands, which cannot be met
unless the task explicitly necessitates such processing. Moreover, they proposed that
spatial-numerical reference frames activated during concurrent tasks influence the

SNARC effect. These findings align with those of this dissertation. However,
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Lindemann et al. (2008) focused solely on parity judgment, leaving the influence of
MNL compatible and incompatible manipulations on the magnitude comparison task

unexplored.

In this dissertation, parity judgment under MNL compatible conditions elicited
a regular SNARC effect for space and magnitude loads, but not for magnitude-space
load. Conversely, in magnitude comparison, MNL incompatible conditions
consistently evoked a reverse SNARC effect across all WM load types, while no
regular SNARC effect emerged under MNL compatible conditions. This raises the
question of why parity judgment remained unaffected by incompatible representations,

whereas magnitude comparison showed no influence from compatible representations.

Building on prior research, the dual-route model (Gevers et al., 2006b) and the
verbal-spatial account (Gevers et al.,, 2010) offer valuable frameworks for
understanding the differential effects observed across number judgment tasks.
According to the dual-route model, the SNARC effect emerges from a dimensional
overlap between numerical magnitude and response-side, as both share a spatial
dimension that can either be compatible or incompatible. Within this framework, the
SNARC effect reflects the interaction between magnitude information and lateralized

responses, processed through a dual-route mechanism.

Specifically, responses are influenced by two distinct routes: the unconditional
route, which automatically activates magnitude information and its associated spatial
response, and the conditional route, which is guided by task-specific instructions. The
unconditional route operates independently of task demands and relies on long-term
spatial representations of numbers. For instance, when the number 9 is perceived, its
magnitude as “large” and spatial association as “right” are automatically activated
through the unconditional route. In contrast, the conditional route adjusts these
automatic responses based on task specific instructions. For example, in a parity
judgment task where participants are instructed to respond to odd numbers with a left-
sided response, the automatic response from the unconditional route must be adjusted
to fulfill the task requirement. This makes parity judgment primarily reliant on task-
specific instructions and, consequently, the conditional route which is closely
associated with verbal-spatial coding. On the other hand, magnitude comparison

predominantly engages the unconditional route, as it directly depends on the spatial
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representation of numerical magnitudes. In this task, visuo-spatial coding drives
response patterns. Gevers et al. (2010) suggested that both verbal-spatial and visuo-
spatial coding contribute to the emergence of the SNARC effect, with verbal-spatial

coding generally taking precedence.

Grounded in Gevers et al.’s (2010) verbal-spatial and visuo-spatial coding
framework, the differential effects of MNL compatibility under WM loads on parity
judgment and magnitude comparison can be discussed. In this dissertation, the MNL
compatible condition aligns with long-term spatial-numerical associations, facilitating
the emergence of a regular SNARC effect. Parity judgment, as an implicit task, does
not require participants to explicitly engage with magnitude. In MNL compatible
conditions, the alignment with the MNL reduces cognitive conflict, allowing the
conditional route to operate efficiently without heavily taxing verbal coding, thereby
resulting ina regular SNARC effect. Conversely, in MNL incompatible condition, this
congruity is disrupted. However, a reverse SNARC may not emerge, as verbal
processes dominate in parity judgment and rely less on spatial representations.
Consequently, parity judgment’s reduced dependence on visuo-spatial representations

makes it more resilient to MNL incompatibility, even under WM loads.

On the other hand, the absence of a regular SNARC effect under MNL
compatible conditions with WM loads in magnitude comparison suggests interference
or competing demands that disrupt the expected alignment. Since magnitude
comparison relies on visuo-spatial coding, MNL incompatible representations might
hinder the automatic engagement of the visuo-spatial processes necessary for a regular
SNARC effect to emerge. Magnitude comparison, as an explicit task, requires
participants to directly process and compare numerical magnitudes. This explicit
processing may intensify reliance on visuo-spatial resources, particularly under MNL
compatible conditions, where participants are expected to align their responses with
long-term spatial representations of numbers (the MNL). However, the added WM
loads (space, magnitude, and magnitude-space) may impose additional demands on
these visuo-spatial resources, reducing their availability for encoding and activating
the long-term spatial-numerical associations necessary for a regular SNARC effect.
As a result, MNL compatibility might not suffice to counteract the cognitive load
introduced by the WM tasks, thereby disrupting visuo-spatial coding. The visuo-

spatial resources engaged in magnitude comparison may be reallocated to manage the
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demands of WM loads, leaving insufficient capacity for the spatial alignment required
to produce a regular SNARC effect. Consequently, the magnitude comparison task’s
greater dependence on visuo-spatial processing makes it more vulnerable to

disruptions caused by MNL incompatible conditions under WM loads.

The differing effects of MNL compatibility under WM loads on number
judgment tasks can also be interpreted within the context of their distinct cognitive
demands. As revealed by the main effect of the number judgment task, participants
performing parity judgment were slower than those engaged in magnitude comparison,
indicating that parity judgment posed greater cognitive challenges. In parity judgment,
magnitude information is measured implicitly, increasing the task’s cognitive demand
compared to magnitude comparison. Due to the need to process multiple attributes —
parity (odd/even), magnitude (small/large), and response side (left/right)— parity
judgment may be more responsive to MNL compatibility and the facilitative effects of
magnitude-space based WM loads. Under MNL incompatible conditions, the conflict
with long-term spatial representations of numbers might prompt participants to rely on
MNL compatible conditions for smoother task performance. Turning to the specific
case of MNL compatible conditions under magnitude-space load, the lack of a regular
SNARC effect in parity judgment warrants closer examination. The absence of a
regular SNARC effect in parity judgment in MNL compatible condition under
magnitude-space load suggests that simultaneously holding magnitude and space
information in memory may hinder the emergence of a regular SNARC effect. This
could result in the task being less influenced by MNL compatibility. Although
participants found magnitude-space load less challenging than magnitude load, this
type of load still imposes enhanced cognitive demands, requiring both verbal
(magnitude) and visuo-spatial (space) resources. The simultaneous demand on these
resources may disrupt number-space relations, preventing the regular SNARC effect
from emerging in parity judgment. The high cognitive demands of the magnitude-
space load may leave parity judgment particularly susceptible, making even MNL
compatibility insufficient to activate spatial-numerical associations and thereby

preventing the emergence of a regular SNARC effect.

The observed differences in SNARC effects across number judgment tasks can
also be interpreted through broader theoretical and neurobiological frameworks. This

interpretation aligns with the discussion presented by Zorzi et al. (2012), who explored
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space-number associations in neglect patients. They argued that the SNARC effect in
magnitude comparison is predominantly influenced by visuo-spatial coding, which is
disrupted by neglect, whereas the effect in parity judgment is primarily governed by
verbal-spatial coding, remaining unaffected by neglect. This dual-process explanation
provides a foundation for understanding how task-specific demands shape spatial-
numerical associations. Further support for this interpretation comes from Klein et al.
(2010), who demonstrated that implicit (parity judgment) and explicit (magnitude
comparison) processing of numbers involve distinct cognitive demands, resulting in
differential activation patterns in the parietal cortex. While direct neuroimaging
evidence is beyond the scope of this dissertation, these findings suggest that task-
specific effects on spatial-numerical associations may reflect the engagement of
separate neural circuits within the parietal cortex. Such functional distinctions may
offer valuable insights into the cognitive and neurobiological mechanisms underlying

the observed differences between number judgment tasks.

3.5.4. Individual Differences in Spatial-Numerical Associations: The Role of WM

Capacity

The findings of this dissertation also contribute to the broader understanding
of individual differences in spatial-numerical associations, particularly in the context
of WM capacity. Before examining the effects of WM loads on number judgment
tasks, it is ensured that participants performing parity judgment and magnitude
comparison tasks did not differ in their WM capacities. This was crucial in ruling out
baseline differences in WM capacity as a potential confounding in interpreting task-
specific effects on the SNARC effect. The relationship between WM capacity and task
performance aligns with previous research, which highlighted that individual
differences in cognitive abilities influence the SNARC effect. Similar to Hoffmann et
al. (2014) and Herrera et al. (2008), this study observed that WM capacity was
significantly correlated with RTs under WM load conditions, with higher WM capacity
associated with faster responses. Consistent with these studies, no significant
relationship was found between WM capacity and SNARC slope. This suggests that
while WM capacity influences overall task efficiency (e.g., RTSs), it does not directly
modulate the strength or directionality of spatial-numerical associations. These
findings underscore the dynamic and context-sensitive nature of spatial-numerical

associations, shaped by individual cognitive capacities and task-specific demands. For
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example, previous studies have observed stronger SNARC effects in participants with
slower processing speeds or poorer visuo-spatial abilities (e.g., in mental rotation
tasks), suggesting that weaker executive functions may increase reliance on long-term
space-number associations (Hoffmann et al., 2014; Viarouge et al., 2014; Wood et al.,
2008). In contrast, tasks that demand higher cognitive control may introduce
competing demands, potentially modulating the reliance on these associations.
Although this study did not intend to directly assess executive functions or their
interaction with task-specific demands, the observed relationship between WM
capacity and reaction times under magnitude-space-based WM loads suggests that
cognitive resources might play a role in mitigating the effects of additional cognitive

demands.

3.5.5. Integrating ATOM and Oberauer’s WM Model: Insights into LTM-\WM

Interactions in Spatial-Numerical Associations

This dissertation contributes to the literature on space-number relations by
providing empirical support for the integration of magnitude and space as proposed in
ATOM (Walsh, 2003). ATOM emphasizes a shared neural and cognitive system for
processing magnitude, space, and time, positing that these dimensions interact to guide
action and cognition. The findings of this study align with ATOM, particularly
regarding the influence of magnitude-space-based WM loads on spatial-numerical
associations. The cognitive load types implemented in this dissertation —space,
magnitude, and magnitude-space- reflect the interconnectedness of these dimensions.
Even when introduced as cognitive demands in WM, these components activated
spatial-numerical associations, as evidenced by the emergence of the SNARC effect.
Importantly, the findings highlight that without magnitude-space-based cognitive
demands, as in the baseline tasks, these spatial-numerical associations may remain
dormant. These findings extend ATOM by demonstrating how magnitude-space
relations manifest in the context of cognitive demands. They also underscore the
importance of considering both task-specific and long-term representations when
examining spatial-numerical associations. This dynamic interaction aligns with
ATOM’s core assertion that magnitude and space are intertwined, influencing
cognitive performance. This dissertation not only provides support for ATOM but also
highlights its applicability to WM research. The findings suggest that magnitude-

space-based WM loads can effectively engage spatial-numerical associations,
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shedding light on the conditions under which these associations are activated or

suppressed.

In terms of WM loads, this dissertation extends the exploration of cognitive
load in WM by utilizing Oberauer’s WM model (2009), moving beyond the
conventional reliance on Baddeley’s framework. Cognitive loads were specifically
designed to integrate long-term numerical representations, structured around MNL
compatibility. While prior research has examined the flexibility of the SNARC effect
across various contexts —such as task demands, response mappings, and spatial
arrangements (Fias et al., 2010; Bdchtold et al., 1998; Notebaert et al., 2006;
Lindemann et al., 2008)- it has not conceptualized MNL compatibility as a cognitive
load. This dissertation addresses that gap by demonstrating that MNL compatibility
plays a critical role in modulating spatial-numerical associations. MNL compatible
loads consistently elicited a regular SNARC effect, reflecting alignment with long-
term spatial-numerical representations. Conversely, MNL incompatible loads induced
reverse SNARC effects, emphasizing the disruptive impact of conflicting
representations. These patterns persisted across various WM load conditions (space,
magnitude, and magnitude-space), highlighting the central role of MNL compatibility
in influencing WM functioning and task performance. By investigating MNL
compatibility as a form of cognitive load, this dissertation provides new insights into
how long-term spatial-numerical representations interact with WM processes. These
findings enhance our understanding of the SNARC effect’s flexibility by illustrating

the interaction between LTM and WM in shaping spatial-numerical associations.

Building on these insights, the findings of this dissertation also align with prior
research emphasizing the coactivation of LTM and WM in shaping magnitude-space
associations. Studies have suggested that both long-term and temporary
representations can coexist, with their influence varying based on task demands. This
coexistence, as discussed in previous studies (Lindemann et al., 2008; van Dijck et al.,
2014; Pinto et al., 2019; Ginsburg and Gevers, 2015; Huber et al., 2016; Hepdarcan et
al., 2024) illustrates that spatial-numerical associations are dynamic and influenced by
both LTM and WM. In Ginsburg and Gevers’ (2015) study, for example, they
demonstrated that while regular SNARC effects emerge when long-term spatial
representations are activated (inducer blocks), task demands that emphasize short-term

positional sequences (diagnostic blocks) reveal the dominance of WM representations,
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highlighting the coexistence of these two systems. Similarly, Hepdarcan et al. (2024)
found that congruent (similar to MNL compatible representations in this study)
facilitated faster and more accurate responses in n-back tasks, whereas negatively
congruent (similar to MNL incompatible representations) representations disrupted
performance, underscoring the influence of LTM representations on WM task
execution. The present findings expand on these studies by showing that the
manipulation of MNL compatibility in WM loads provides evidence for the flexible
nature of the SNARC effect, which can be shaped by both LTM-activated spatial
representations of numbers and the situational cognitive demands of magnitude-space
based WM loads. Specifically, the emergence of a regular SNARC effect under MNL
compatible conditions in parity judgment underscores the facilitative role of
compatible long-term representations in activating spatial-numerical associations.
Conversely, the reverse SNARC effects observed in magnitude comparison under
MNL incompatible conditions highlight how conflicting spatial representations can
override LTM-based associations when visuo-spatial processing is more heavily relied
upon. Together, these findings highlight the idea that spatial-numerical associations
are not robust, but can adapt dynamically to task context, cognitive load, and

compatibility with long-term representations.
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CHAPTER 4: CONCLUSION

This dissertation explored how different types of magnitude-space-based
numerical WM loads affect the SNARC effect across parity judgment and magnitude
comparison tasks. The findings reveal that spatial-numerical associations are highly
flexible, shaped dynamically by task context, cognitive load, and compatibility with
long-term representations (MNL). By incorporating MNL compatibility as a form of
cognitive load, this study advances our understanding of the interplay between LTM

and WM in numerical representations.

In line with prior research, the absence of a regular SNARC effect under
baseline conditions suggests that spatial-numerical associations may remain dormant
unless explicitly engaged by task or cognitive demands. Under WM loads, MNL
compatibility elicited a regular SNARC effect, while MNL incompatibility
consistently reversed this effect, highlighting the modulatory role of long-term

representations in activating or disrupting spatial-numerical associations.

Key differences emerged between parity judgment and magnitude comparison
tasks. Parity judgment, an implicit task primarily reliant on verbal-spatial coding,
demonstrated resilience to MNL incompatibility but required compatible activations
to elicit a regular SNARC effect. Conversely, magnitude comparison, driven by visuo-
spatial coding, was highly sensitive to MNL incompatibility, producing reverse
SNARC effects, but failed to elicit a regular SNARC effect under compatible
conditions, likely due to cognitive interference from WM loads. The results also
support ATOM, emphasizing the intertwined nature of magnitude and space.
Furthermore, this dissertation contributes to Oberauer’s WM model by demonstrating
how activated long-term representations interact with task-specific WM demands. By
using MNL compatibility in magnitude-space-based WM loads, the study highlights
the importance of considering not only the cognitive tasks but also the influence of

long-term representations in shaping spatial-numerical associations.

Overall, this dissertation underscores the dynamic and context-sensitive nature
of spatial-numerical associations, demonstrating their dependence on the interaction
between LTM and WM. By integrating MNL compatibility as a cognitive load, this
study extends the flexibility framework of the SNARC effect, contributing novel

insights into the mechanisms governing spatial-numerical associations. These findings
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provide a foundation for future research to investigate how task-specific cognitive

demands and other contextual factors further influence these associations.
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